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General introduction 
 
Animals depend indispensably, directly 
or indirectly, on green plants, the most 
voluminous compartment of living matter 
and primary source of energy-rich 
compounds for animal life (Schoonhoven 
et al. 2006). Most animal species are 
insects (May 1988), and the biomass of 
insects is enormous (Pimentel and Andow 
1984), despite their small body size. Plants 
and insects are united by intricate 
relationships (Schoonhoven et al. 2006). 
First fossilized records of insect-plant 
interactions date from approximately 400 
million years ago (Labandeira 1998), but it 
is not clear whether plants enhanced the 
evolution of the insects (Strong et al. 
1984), or the opposite interaction was also 
important (Labandeira and Sepkoski 
1993), resulting in a co-evolutionary 
process (Ehrlich and Raven 1964). 
However, specialization of herbivores on 
plants occurred over millions of years 
(Price 1997), and specialization on host 
plants is the rule rather than the exception 
(Bernays and Graham 1988), since 
nutrients gained from feeding are required 
in optimal levels to maximize animal 
fitness (Simpson and Raubenheimer 2007). 
Quality and/or quantity of larval host 
plants in nature can change due to seasonal 
variation (Rodrigues and Moreira 2004), 
fertilization (Goverde and Erhardt 2003), 
air pollution (Huges and Voland 1988), 
elevated atmospheric CO2 (Bazin et al. 
2002) or herbivory (Awmack and Leather 
2002), and plants have developed 
numerous defence mechanisms to deter 
herbivores from feeding (Schoonhoven et 
al. 2006). However, in butterflies larvae of 
almost all species are herbivorous, and the 
amount of nitrogen gained from variable 
host plants influences their development 
(Myers 1985; Mevi-Schütz et al. 2003) and 
accordingly their reproduction (Oberhauser 
1988; Bissoondath and Wiklund 1996; 
Boggs 1997a;;  O’Brien  et  al.  2002). 
Parental effects, such as provisioning to 
eggs, oviposition behaviour of mothers and 
epigenetic inheritance (Mousseau and Fox 
1998a; Poulin and Thomas 2008), prepare 
larvae to adverse larval host plant 
conditions. For example, if host plant 
quality is indicative of future conditions, 
then it would improve  progeny’s  fitness if 
the offspring phenotype is adjusted to these 
host plant conditions (Fox et al. 1995; 
Spitzer 2004). This phenomenon, based on 
acquired parental effects, is called 
‘transgenerational   acclimatization’   and  
could have profound implications for 
ecological and evolutional processes (Fox 
et al. 1995; Spitzer 2004).  
In butterflies, maternal but also paternal 
effects could potentially improve 
progeny’s   fitness on variable and adverse 
host plant qualities, since butterflies have a 
mating system in which males transfer 
nutrients to females at mating, often 
referred to as 'nuptial gifts' (Thornhill 
1976). For instance, female butterflies can 
use male-derived nutrients for egg 
production (Boggs and Gilbert 1979), and 
nuptial gifts can significantly increase 
female fecundity (Rutowski et al. 1987; 
Karlsson 1998).  
Butterflies are holometabolous insects 
and have the ability to compensate for a 
nitrogen-poor diet both as herbivorous 
larvae as well as nectar-feeding adults. For 
instance, adult butterflies feed on pollen, 
rotting fruits, mud puddles, carrion or 
dung. But floral nectar is by far the most 
common and widespread adult butterfly 
food source (Gilbert and Singer 1975). 
Floral nectar provides sugars, water and 
amino acids for pollinators (Ziegler 1956; 
Lüttge 1961; Baker and Baker 1973, 
1986a), and flowers adapted to pollination 
by butterflies contain higher levels of 
amino acids than flowers that are 
pollinated, for instance, by bees (Baker and 
Baker 1986b). Furthermore, females of 
some butterfly species select for amino 
acid-rich nectar (Alm et al. 1990; Mevi-
Schütz and Erhardt 2003; Mevi-Schütz et 
al. 2003; but see Erhardt 1991, 1992), and 
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nectar amino acids can be used to increase 
fecundity and to compensate for nitrogen 
deficiencies acquired during the larval 
phase (Mevi-Schütz and Erhardt 2005). 
Thus, a compensatory interaction between 
larval and adult nitrogen uptake is likely 
when larval resources are limited. 
There are various potential strategies that 
butterflies could use to deal with the 
varying quality and quantity of food 
sources in order to maximize their fitness 
and reproduction (Fig. 1). 
 
The present thesis investigates how 
different food qualities over the whole life 
cycle and across generations affect 
butterfly development and reproduction, 
and addresses the following main 
questions: (1) What effects have varying 
nitrogen concentration and different levels 
of host plant defence during larval phase 
on larval and adult performance in 
butterflies? (2) Can adult feeding in male 
and female butterflies compensate for 
deficiencies acquired during the larval 
stage, or even increase butterfly fitness and 
reproductive success? (3) Does parental 
food quality affect the next generation by 
parental effects (increased provisioning to 
offspring, maternal oviposition choice or 
transgenerational acclimatization)? 
 
The first chapter describes effects of 
different host plant qualities on larval 
performance and adult feeding behavior in 
butterflies. Nitrogen is a key factor for 
development and fitness in insects (Bink 
and Siepel 1996; Mevi-Schütz and Erhardt 
2005; Schoonhoven et al. 2006), and 
herbivores consume on average 10–20% of 
the annual net primary production in 
terrestrial ecosystems to acquire the 
needed amount of nitrogen (Cyr and Pace 
1993). As a consequence, plants have 
developed different strategies to deter 
herbivores from feeding, and insects in 
turn have developed corresponding 
strategies to deal with suboptimal food 
qualities (Schoonhoven et al. 2006). 
Effects of high- and low nitrogen 
concentration in combination with 
different levels of silica in host plants on 
larval development of the grass-feeding 
butterfly Coenonympha pamphilus were 
investigated. Silica is the main anti-
herbivore deterrent in grasses (Vicari and 
Bazely 1993; Massey et al. 2007). 
Furthermore, effects of different larval host 
qualities on relative consumption of amino 
acid nectar in male and female butterflies 
were tested to investigate the link between 
larval and adult nitrogen acquisition.  
 
The second chapter gives an example 
about the relationship between nitrogen 
acquired during larval and adult feeding 
and its effect on female butterfly 
reproduction and provisioning to offspring. 
Although nitrogen used in egg production 
is mainly derived from stored larval 
reserves (Boggs 1981, 1997a; O’Brien   et  
al. 2002), adult female diet is also a 
potential nitrogen source (Boggs 1997a; 
O’Brien   et   al. 2002). For example, 
Araschnia levana and Bicyclus anynana 
females can use amino acids from the adult 
diet to increase their reproduction (Mevi-
Schütz and Erhardt 2005; Bauerfeind and 
Fischer 2009).  
Effects of high- and low amino acid 
concentrations during larval and adult 
feeding on female butterfly reproduction 
and provisioning to offspring were tested 
using C. pamphilus, a butterfly species 
belonging to another subfamily than the 
previously investigated A. levana and B. 
anynana. 
 
In the third chapter, corresponding to 
the second chapter, effects of high- and 
low nitrogen levels over the whole 
butterfly life cycle on realized male 
butterfly reproduction were investigated. 
In insects, males can transfer nutrients to 
females at mating, often referred to as 
'nuptial gifts' (Thornhill 1976). 
Furthermore, radiotracer studies on several 
butterfly species demonstrated that amino 
acids acquired during male larval and adult 
feeding built into spermatophores can be 
used by females for egg production (Boggs 
and Gilbert 1979; Wiklund et al. 1993).  
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Figure 1 
Fig. 1 G
raphical illustration of effects of larval and adult food sources on resource allocation, perform
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However, to date, effects of nectar amino 
acids on male reproduction are unknown. 
Effects of high- and low amino acid 
concentrations during larval and adult 
feeding on male butterfly reproduction and 
provisioning to offspring were tested using 
C. pamphilus males. Effects of nitrogen on 
realized male reproduction were measured 
indirectly via nuptial gifts, by female 
performance. This method took into 
account the important role of female 
butterflies in passing male nutrients to 
offspring. 
 
The fourth chapter pays attention to 
effects of nectar sugars on male butterfly 
fitness and reproduction and provisioning 
to offspring. Floral nectar contains mainly 
water and sugars (Baker and Baker 1986a) 
that are primarily used to cover energy 
requirements for general maintenance 
(Murphy et al. 1983) and flight 
expenditure (Willers et al. 1987). The 
remaining nutrients could enhance 
reproduction, since female butterflies can 
use sugars from the male spermatophore 
for egg production (Boggs 1997b). 
Although male butterflies contribute 
substantial amounts of nutrients to 
reproduction (Svärd 1985, Svärd and 
Wiklund 1989), effects of nectar sugars on 
male realized reproduction are unknown. 
In an analogous way as in chapter three, 
effects of nectar sugars in the adult diet of 
C. pamphilus males on reproductive 
success and provisioning to offspring were 
measured indirectly via nuptial gifts, by 
female performance. Furthermore, 
relationships between investment into 
reproduction and male body maintenance 
were characterized. 
 
The fifth chapter tests for a 
phenomenon   called   ‘transgenerational 
acclimatization’.   If the host plant quality 
encountered by the parental generation is 
indicative for future conditions, then it 
would be advantageous to produce 
offspring that is adjusted to these 
anticipated host plant conditions (Fox et al. 
1995; Spitzer 2004). This phenomenon 
could prepare larvae of the F1 generation to 
optimally utilize the resources by parental 
experience. Thus, transgenerational 
acclimatization could have profound 
implications for our understanding of 
evolutional and ecological processes (Fox 
et al. 1995; Spitzer 2004).  
C. pamphilus butterflies were used to test 
if maternal and paternal larval host 
experience adjusted progeny performance 
on their respective diet. 
 
The sixth chapter investigates the 
relationship between oviposition choice 
and transgenerational acclimatization. 
Chapter five has shown that parents can 
utilize their experience of the environment 
to  adapt   their  offspring’s  phenotype   to   the  
same environmental conditions. Thus, 
offspring would then perform best under 
environmental conditions experienced by 
their parents due to transgenerational 
phenotypic plasticity. However, evidence 
that parents can subsequently ensure the 
appropriate environmental conditions in 
order that offspring benefit from 
transgenerational acclimatization has never 
been demonstrated.  
Here, we combine transgenerational 
acclimatization with oviposition behaviour, 
for what we believe is the first time, by 
asking whether mothers can indeed align 
both the adaptation and allocation of their 
progeny to the environmental conditions 
that their own experience predicts those 
progeny to encounter.  
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Chapter 1 
 
Host plant defence in the larval stage affects feeding behaviour in adult 
butterflies 
 
Abstract 
 
Nitrogen is a key nutrient for fitness in 
insects, but host plant defence can deter 
herbivores from acquiring it. Therefore, 
coping with host plant defence is a 
predominant issue for herbivores. 
Butterflies have the ability to compensate 
for a nitrogen-poor diet both as 
herbivorous larvae as well as nectar-
feeding adults. We examined if silica (S), 
the main anti-herbivore defence in grasses 
(in both fertilized nitrogen-rich (F+) and 
nitrogen-poor (F-) Festuca rubra host 
plants), affects larval development and 
accordingly adult feeding behaviour in the 
small heath butterfly Coenonympha 
pamphilus. High silica levels in nitrogen-
poor host plants (F-/S+) negatively 
affected larval performance, and as a 
consequence, female and even male 
butterflies preferred to consume amino 
acid-rich nectar. Our findings show for the 
first time that plant defence in larval host 
plants affects feeding behaviour in adult 
butterflies, and that even male butterflies, 
which have so far been thought to be 
indifferent to nectar amino acids, preferred 
to consume amino acid-rich nectar. Hence 
larval food quality can influence plant-
pollinator dynamics. 
 
Key words: amino acids, Coenonympha 
pamphilus, Festuca rubra, larval feeding, 
Lepidoptera, nectar, preference, Satyrinae, 
silica 
 
Introduction 
 
To acquire organic nitrogen is 
indispensable for normal insect growth and 
reproductive success (Schoonhoven et al. 
2006). For example, in butterflies, larvae 
of almost all species are herbivorous, and 
the amount of nitrogen gained from host 
plants influences their development (Myers 
1985; Mevi-Schütz et al. 2003) and 
accordingly their reproduction 
(Bissoondath and Wiklund 1996; Mevi-
Schütz and Erhardt 2005; Cahenzli and 
Erhardt 2012a). Optimizing nitrogen 
acquisition is therefore crucial during the 
entire life cycle of butterflies and 
herbivorous insects in general. Thus, host 
plant quantity and quality are critical 
factors for the development of herbivore 
insects. However, plants have developed 
many strategies to limit biomass loss to 
herbivores, and food utilization of 
herbivores depends not only on the nutrient 
content in host plants, but also on 
structural and chemical plant defence 
(Schoonhoven et al. 2006). Nevertheless, 
food specialists are often adapted to 
chemical plant defences and may even 
benefit from secondary plant metabolites 
(Schoonhoven et al. 2006). Thus, physical 
defences may be more effective in 
deterring herbivores than chemical 
deterrents. For instance, physical defences 
such as silica are considered to be more 
important than chemical defences in 
deterring herbivory on grasses (Vicari and 
Bazely 1993; Massey et al. 2007), although 
grasses can also use chemical defences 
(Barton and Koricheva 2010). For 
example, grasses contain high silica levels 
in their leaves, about 10–20 times higher 
than typically found in dicotyledonous 
plants (Russel 1961), and grazing of 
herbivores induces even higher silica 
levels (Massey et al. 2007). In insects, high 
silica levels in grasses can cause increased 
mandible wear, can reduce the efficiency 
of converting ingested food to body mass 
and can decrease the amount of nitrogen 
absorbed from larval food, thus resulting in 
reduced growth rates and fitness (Massey 
et al. 2006; Massey and Hartley 2009). A 
high silica content in host plants could also 
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inhibit compensatory feeding in insects, 
especially when larval food quality or 
quantity is insufficient. Furthermore, silica 
and nitrogen may interact and influence 
herbivore performance and nitrogen 
acquisition on host plants (Reynolds et al. 
2009). Thus, larvae of satyrid butterflies, 
which primarily feed on grasses, have to 
cope with trade-offs between nitrogen 
acquisition and silica avoidance. 
Butterflies are holometabolous insects 
and as adults primarily feed on floral 
nectar, which can contain significant 
amounts of amino acids (Baker and Baker 
1986). Thus, butterflies can compensate 
for nutritional deficiencies acquired during 
the larval phase by adult feeding (Mevi-
Schütz and Erhardt 2005). In fact, female 
butterflies of several species prefer to 
consume amino acid-rich nectar (Alm et al. 
1990; Erhardt and Rusterholz 1998; but see 
Erhardt 1991, 1992), and female butterfly 
fecundity can be increased by the 
availability of amino acids in the adult diet 
(Mevi-Schütz and Erhardt 2005; 
Bauerfeind and Fischer 2009; Cahenzli and 
Erhardt 2012a; but see Moore & Singer 
1987; Hill 1989; Mevi-Schütz and Erhardt 
2003a). In contrast, male butterflies 
showed no preference toward amino acid-
rich nectar (Alm et al. 1990; Erhardt 1991, 
1992; Erhardt and Rusterholz 1998; Mevi-
Schütz et al. 2003; Mevi-Schütz and 
Erhardt 2003b). Different nutritional 
requirements for egg production and 
spermatophore synthesis could underlie 
sex specific flower and nectar preferences 
(Rusterholz and Erhardt 2000). However, a 
compensatory interaction between larval 
and adult nitrogen uptake is likely when 
larval resources are inadequate. So far, 
only one study has investigated influences 
of larval host plant defence on adult 
butterfly feeding behaviour, but has not 
been able to show an effect (Goverde et al. 
2008). Nonetheless, larval host plant 
defence is an important plant trait for 
phytophagous insects, potentially also 
influencing nectar feeding in adult 
butterflies, thus ultimately affecting plant-
pollinator interactions. 
This study addresses the relationship 
between larval and adult feeding behaviour 
under the influence of different levels of 
nitrogen in larval host plants and host plant 
defence. We examined effects of increased 
silica levels (S+), different nitrogen 
concentrations (F+ versus F-) and the 
interaction of these two factors on larval 
development and relative consumption of 
amino acid nectar in C. pamphilus L. 
(Lepidoptera: Satyrinae) males and 
females. We predicted (1) that larvae 
reared on host plants with a low nitrogen 
level (F-/S- and F-/S+) would perform 
worse than larvae reared with a high 
nitrogen supply (F+/S- and F+/S+), (2) that 
a high silica level in host plants would 
reduce nitrogen uptake in larvae, and (3) 
that adverse larval food conditions would 
affect relative consumption of amino acid 
nectar in adult butterflies. 
 
Materials and methods 
 
Study species 
 
C. pamphilus, the small heath, is found 
on various meadow types 
(Lepidopterologen-Arbeitsgruppe 1987), 
and Festuca rubra is the favoured larval 
host plant (Goverde and Erhardt 2003). 
Butterflies in this experiment originated 
from five C. pamphilus females caught on 
unfertilized meadows in the northern Jura 
mountains (Liesberg 47° 24′ N, 7° 25′ E 
and Nenzlingen 47° 26′ N, 7° 33′ E, 
Switzerland). Females were placed in 
cages (40 cm x 20 cm x 20 cm), and fed a 
balanced 20% (w/w) sugar solution 
(sucrose:fructose:glucose = 1:1:1). Eggs 
were collected and placed separately in 
Petri dishes in order to later trace back 
each butterfly to the ovipositing female 
(lineage). 
 
Plant material 
 
Festuca rubra L. (Poaceae) larval host 
plants were grown in 750 ml plastic pots 
filled with nutrient-poor soil (seeding 
compost, Compo Sana, Switzerland) in a 
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greenhouse with supplement sunlight 
(1000 W broad spectrum, light period from 
06.00 to 20.00) and were randomly 
assigned to one of the four treatments: 
Fertilized grass with supplement silica 
(F+/S+), fertilized grass without 
supplement silica (F+/S-), unfertilized 
grass with supplement silica (F-/S+) and 
unfertilized grass without supplement 
silica (F-/S-). (F+/S+) and (F+/S-) pots 
were fertilized once a week with 2dl 
fertilizer (50 ml Algoflash/1.5 l water) 
(Algoflash, Laboratoire Algochemie Z. I. 
Nord, Chateau- Renault, France: N:P:K = 
1:1:1). (F-/S+) and (F+/S+) host plants 
received supplement soluble silica in the 
form NaSiO39H2O (150mg/L) every third 
day. (F-/S-) larval host plants received 
only deionized water. All pots were 
watered when necessary with deionized 
water. Prior to introducing the butterfly 
larvae, host plant quality was analysed 
from seven-week-old grass samples. Dry 
leafs (drying by 80° C for 48 hours) were 
ground for leaf nitrogen (N) analysis using 
a CHN analyser (LECO instruments, 
model 1932, St. Joseph, MI). Leaf water 
content was calculated as the difference 
between dry and fresh leaf mass. Foliar 
silica content was determined by fusing 
oven-dried leaf samples (100 mg) in 
sodium hydroxide using the autoclave-
induced digestion (AID) (Elliot and Snyder 
1991), and was analyzed with the 
colorimetric silicomolybdate technique 
(Allen 1989). 
 
Larval treatment 
 
Forty larvae from each of the five 
ovipositing females (N = 200) were 
randomly assigned to the four larval 
treatments and fed ad libitum, resulting in 
50 larvae per treatment. The larvae were 
kept separately by maternal lineage and 
were reared individually in Petri dishes 
after two weeks. Pupae were collected and 
placed in individual plastic boxes until 
emergence. We recorded the 
developmental traits: larval hatching mass 
within 24 hours (mg), larval duration 
(number of days from when the larva 
hatched to pupation), pupal mass on the 
5th day after pupation (mg) and forewing 
length (mm; lateral wingspan of the left 
forewing). Furthermore, mortality was 
calculated as the percentage of larvae of 
every maternal lineage in the four 
treatment groups that did not achieve adult 
stage.  
 
Testing nectar amino acid consumption  
 
Two test solutions mimicking Lantana 
camara nectar were used to determine 
relative consumption of amino acid nectar. 
This nectar composition has been used in 
several previous studies on amino acid 
preference testing in C. pamphilus (Mevi-
Schütz et al. 2003) and other butterfly 
species (Alm et al. 1990; Erhardt and 
Rusterholz 1998; Mevi-Schütz and Erhardt 
2003b), as the amino acid concentration is 
high, and L. camara is often visited by 
butterflies (although this plant species does 
not naturally occur in the habitat of C. 
pamphilus). The artificial nectar of the 
groups fed without amino acids contained 
only sucrose, glucose and fructose, 
whereas the diet of the amino acid fed 
groups corresponded to the complete 
nutrient spectrum of L. camara nectar, 
additionally containing nonessential and 
essential amino acids (for exact 
composition see Alm et al. 1990). 
Relative consumption of amino acid 
nectar was tested in a two-way test 
analogous to several other nectar amino 
acid preference tests (Rusterholz & Erhardt 
1997; Mevi-Schütz and Erhardt 2003b; 
Mevi-Schütz et al. 2003). All butterflies 
were tested the second day after emergence 
to prevent aging effects and different egg 
loads in females. Prior to testing the 
butterflies for their relative consumption of 
amino acid nectar, they were brought to the 
same nutritional level by feeding them 
with a balanced sugar solution 
(sucrose:glucose:fructose = 1:1:1, 25% 
w/w). In order to test whether the relative 
consumption of amino acid nectar was 
affected by this meal, the amounts of 
 14 
balanced sugar solution ingested were 
measured. 
The test solution was offered to the 
butterflies in 0.5 µl droplets. We held the 
butterflies and dipped the unrolled 
proboscis with the help of a needle into the 
nectar mimic. The two test solutions 
(nectar mimics with or without amino 
acids) were each offered once in a trial and 
the order of presentation was chosen 
randomly. The butterfly either consumed 
the droplet within 15 s or the trial was 
evaluated as a reject. Testing the relative 
consumption of amino acid nectar 
consisted of five trials. The degree of 
relative consumption of amino acid nectar 
was based on the proportion of drops 
accepted (number of nectar droplets with 
amino acids/total number of droplets). 
Values above 0.5 show an increased 
relative consumption for nectar with amino 
acids, values below 0.5 show an increased 
relative consumption for nectar without 
amino acids (Mevi-Schütz et al. 2003). 
Butterflies that rejected either solutions 
continuously or ingested less than two 
droplets were excluded from the analysis. 
 
Statistical analysis 
 
Plant chemistry was analysed for 
differences between silica (S+ versus S-) 
and fertilization (F+ versus F-) treatments  
 
using a fully factorial ANOVA. 
Pupal mass and forewing length were 
analysed with mixed-effects models, and 
larval duration, relative consumption of 
amino acid nectar and mortality with 
generalized linear mixed-effects models 
due to non-normal data structure (Crawley 
2007). Developmental traits and relative 
consumption of amino acid nectar were 
tested against the categorical variables sex, 
fertilization (F+ versus F.) and silica (S+ 
versus S-), and the random factor lineage. 
Developmental traits were additionally 
tested against the continuous covariate 
larval hatching mass, and adult relative 
consumption of amino acid nectar against 
the continuous covariate amount of 
consumed artificial nectar. A stepwise 
model reduction was employed, with the 
least significant interaction always 
removed first (Crawley 2007).  
Tukey multiple comparisons (P < 0.05) 
were performed between the levels of 
significant factors. All statistical analyses 
were calculated with R Statistical Software 
(Version 2.9.1; R Development Core Team 
2009).  
 
 
 
 
 
  
Table 1: Mixed effects ANCOVA of the effects of sex, silica (S), fertilization (Fert), lineage (L) 
and larval hatching mass (LHM) on Coenonympha pamphilus butterflies. 
 Larval duration  
(df = 1, 141) 
Pupal mass (df = 1, 140) Forewing length (df = 1, 
139) 
 F P R2 F P R2 F P R2 
Sex 67.99 <0.001 0.33 583.36 <0.001 0.81 265.82 <0.001 0.66 
S 52.23 <0.001 0.27 0.94 0.34 <0.01 6.55 0.012 0.05 
Fert 10.07 0.002 0.07 0.52 0.47 <0.01 2.11 0.15 0.01 
L 0.04 0.86 0.01 2.24 0.23 0.43 8.10 0.07 0.73 
LHM 0.62 0.57 <0.01 0.40 0.53 <0.01 1.60 0.21 0.01 
S × Fert 27.44 <0.001 0.16 6.15 0.014 0.04 7.83 0.006 0.05 
Silica treatment is shown as larval host plants grown with supplement silica vs. no supplement 
silica, and fertilization treatment is shown as fertilized vs. unfertilized larval host plants. R2 = 
F(F+df)-1. df in lineage = 1, 3. A stepwise model reduction of these models was employed, with 
the least significant (n.s. = not significant) interactions always removed first (Crawley 2007). 
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Results 
 
Plant material 
 
Foliar nitrogen content was significantly 
affected by fertilization (ANOVA: F1,36 = 
315.52, P < 0.001) and supplement silica 
(F1,36 = 17.32, P < 0.001). Furthermore, 
there was a significant interaction between 
these two factors (F1,36 = 9.94, P = 0.003). 
Fertilized host plants (Tukey multiple 
comparison: F+/S- 5.18a ± 0.06 % N, 
F+/S+ 5.04a ± 0.05 % N) had a 
significantly higher foliar nitrogen content 
than unfertilized plants (F-/S- 3.23b ± 0.24 
% N, F-/S+ 2.26c ± 0.09 % N). 
Foliar silica content was significantly 
affected by fertilization (ANOVA: F1,36 = 
248.38, P < 0.001) and supplement silica 
(F1,36 = 406.10, P < 0.001). There was a 
significant interaction between these two 
factors (F1,36 = 94.37, P < 0.001). 
Supplemented host plants (Tukey multiple 
comparison: F-/S+ 3.17a ± 0.12 % S, 
F+/S+ 1.24b ± 0.07 % S) had a 
significantly higher silica content than 
plants raised without supplement silica (F-
/S- 0.91c ± 0.06 % S, F+/S- 0.45d ± 0.03 % 
S). 
 
Butterfly development 
 
Larval duration was significantly 
affected by sex, silica level and 
fertilization of larval host plants, whereas  
lineage and larval hatching mass had no 
effects (Table 1). Furthermore, there was a 
significant interaction between silica level 
and fertilization (F1,141 = 27.44, P < 0.001).  
 
(F-/S+)-females and males had a 
significantly longer larval duration than 
larvae of the other treatment groups (Table 
2).  
Pupal mass was significantly affected by 
sex, whereas all other measured parameters 
had no effects (Table 1). There were 
significant interactions between silica level 
and fertilization (Table 1) and between sex 
and fertilization (Mixed effects ANCOVA: 
F1,140 = 5.79, P = 0.017). (F+/S+)-females 
had a higher pupal mass than (F-/S+)-
females, whereas pupal mass differed not 
among the other treatment groups and 
among males (Table 2). 
Forewing length was significantly 
affected by sex and silica level, whereas 
lineage had only a marginal effect (Table 
1). Fertilization of larval host plants and 
larval hatching mass had no significant 
effects on forewing length, but there were 
significant interactions between silica level 
and fertilization (Table 1), sex and lineage 
(Mixed effects ANCOVA: F1, 139 = 4.99, P 
= 0.027) and between sex and fertilization 
(F1, 139 = 12.47, P = 0.008). (F-/S+)-
females had significantly shorter forewings 
than females of the other treatments, 
whereas forewing length differed not 
among male treatment groups (Table 2). 
Mortality did not differ significantly 
between treatment groups (F-/S- 17%, F-
/S+ 10%, F+/S- 28%, F+/S+ 25%; F3,16 = 
0.94, P = 0.45) and was not significantly 
affected by host plant silica level (F1,13 = 
0.56, P = 0.47) and maternal lineage (F1,3 
= 4.01, P = 0.14), whereas fertilization of 
host plants only had a marginal effect 
(F1,13 = 3.47, P = 0.09). 
Table 2: Treatment means for Coenonympha pamphilus butterflies. 
 Sex F+/S- F+/S+ F-/S- F-/S+ 
Larval duration (days) ♀ 27.79a  ± 0.60 27.12a  ± 0.62 29.25a  ± 0.56 34.55b  ± 1.15 
♂ 24.50ab  ± 0.50 23.87a  ± 0.35 26.17b  ± 0.60 29.45c  ± 0.68 
Pupal mass (mg) ♀ 79.72ab  ± 1.75 81.00a  ± 1.54 77.65ab  ± 1.59 74.82b  ± 1.26 
♂ 57.07  ± 1.17 58.04  ± 1.25 60.05  ± 0.92 57.82  ± 1.09 
Forewing length (mm) ♀ 14.00a  ± 0.10 13.95a  ± 0.13 13.82a  ± 0.15 13.22b  ± 0.12 
♂ 12.17  ± 0.12 12.33  ± 0.14 12.55  ± 0.11 12.21  ± 0.13 
Larvae were reared on fertilized (F+) or unfertilized (F-) larval host plants treated with (S+) or 
without (S-) supplement silica. Means ± SE. Different letters indicate significant differences 
among treatment groups (Tukey multiple comparisons, P < 0.05). 
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Table 3: Mixed effects ANCOVA of the 
effects of the factors sex, silica (S), 
fertilization (Fert), lineage (L) and 
amount of consumed artificial nectar 
(ACAN) on relative consumption of 
amino acid nectar of Coenonympha 
pamphilus butterflies. 
 F P R2 df 
Sex 1.94 0.17 0.02 1, 121 
S 13.95 <0.001 0.10 1, 121 
Fert 3.29 0.07 0.03 1, 121 
L 0.06 0.82 <0.01 1, 3 
ACAN 0.01 0.94 <0.01 1, 121 
Silica treatment is shown as larval host 
plants grown with supplement silica vs. 
no supplement silica, and fertilization 
treatment is shown as fertilized vs. 
unfertilized larval host plants. R2 = 
F(F+df)-1. 
 
Relative consumption of amino acid nectar 
 
Nectar amino acid consumption was 
significantly affected by silica level, 
whereas fertilization had a marginal effect, 
and sex, lineage and the amount of 
consumed artificial nectar had no effects 
(Table 3). Tukey multiple comparisons 
showed that (F-/S+)-males (N = 65, P = 
0.025) and (F-/S+)-females (N = 65, P = 
0.036) increased their relative consumption 
of amino acid nectar compared to (F+/S-)-
butterflies (Figure 1). Furthermore, (F-
/S+)-females showed an increased relative 
consumption of amino acid nectar 
compared to (F-/S-)-females (N = 65, P = 
0.034; Figure 1a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  
 
A 
 
 
 
B 
 
 
 
Figure 1: Relative consumption of amino acid 
nectar of female (a) and male (b) Coenonympha 
pamphilus butterflies raised on fertilized (F+) and 
unfertilized (F-) Festuca rubra host plants treated 
with (S+) or without (S-) supplement silica (means 
± SE). The degree of relative consumption of amino 
acid nectar was based on the proportional number 
of droplets accepted (nectar mimic droplets with 
amino acids/total number of droplets). Random 
foraging (acceptance of both nectar mimics equally) 
is indicated by a value of 0.5 (dashed line). 
Different letters indicate significant differences 
among treatment groups (Tukey multiple 
comparisons (P < 0.05)). 
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Discussion 
 
Direct effects of host plant nitrogen 
concentration 
 
The nitrogen content in larval host plants 
(high/low) had a significant effect on larval 
duration, whereas there was no direct 
effect on pupal mass and forewing length 
(Table 1). Larvae can compensate for low 
nitrogen concentrations in their host plants 
by higher relative consumption rates 
(Lavoie and Oberhauser 2004) or by 
increased efficiency of larval nitrogen 
utilization (Slansky and Feeny 1977). 
Furthermore, (F-/S+)-larvae prolonged 
their feeding periods (Table 2). Prevention 
of larval compensatory feeding by feeding 
last larval instar only with quantitatively 
limited amounts of food significantly 
decreased pupal mass and adult emergence 
mass in C. pamphilus (Cahenzli and 
Erhardt 2012a). Without increased host 
plant defence, compensatory feeding 
behaviour compensated for low nitrogen 
concentration in host plants, and (F-/S-)-
larvae achieved similar pupal mass and 
forewing length as larvae raised on host 
plants with high nitrogen content (Table 
2). 
Nitrogen content in larval host plants 
marginally affected relative consumption 
of amino acid nectar in C. pamphilus 
butterflies, revealing slight nutritional 
deficiencies from a low nitrogen level 
during larval feeding in this study (Table 
3). This is in accordance with the nectar 
amino acid preference found in C. 
pamphilus and A. levana females raised on 
nitrogen-poor larval host plants (Mevi-
Schütz et al. 2003; Mevi-Schütz and 
Erhardt 2003b).  
 
Direct effects of high- and low silica level 
 
High silica levels in host plants affected 
adult forewing length and larval duration, 
whereas there was no direct effect on pupal 
mass (Table 1). Several previous studies 
found negative effects of silica on insect 
growth, whereas other studies found no 
effects (Massey et al. 2006; Massey and 
Hartley 2009; Reynolds et al. 2009). 
However, an increased silica level in host 
plants significantly affected relative 
consumption of amino acid nectar in adult 
butterflies (Table 3, Figure 1), indicating 
nutritional deficiencies from larval feeding 
triggered by host plant defence. Moreover, 
the silica treatment allowed us to document 
for the first time that also male butterflies 
show an increased relative consumption of 
amino acid nectar, Our findings are in 
contrast to previous studies, in which C. 
pamphilus males did not prefer amino 
acid-rich nectar, and it was assumed that 
males compensated deficiencies from 
larval feeding by prolonged larval feeding 
periods (Mevi-Schütz and Erhardt 2003b). 
In our study, high silica levels in host 
plants negatively affected feeding during 
larval stage, and (F-/S+)-male butterflies 
showed a significantly increased relative 
consumption of amino acid nectar. In 
contrast, the only other study investigating 
effects of host plant defence on adult 
butterfly feeding behaviour found that 
male and female Polyommatus icarus 
butterflies reared on host plants with 
varying cyanogenic glycosides levels 
showed no preference for amino acid-rich 
nectar and it was assumed that larvae 
potentially metabolised the surplus of 
nitrogen in cyanogenic plants for their 
growth (Goverde et al. 2008). Our research 
shows that both low nitrogen content as 
well as the silica level in larval host plants 
can increase relative consumption of 
amino acid nectar in adult butterflies. 
 
Interaction of nitrogen content and silica 
level  
 
Interactions between silica level and 
nitrogen content affected butterfly 
development in this study (Table 1). The 
larval compensatory feeding, influenced by 
low nitrogen content, was disrupted by 
supplementary silica level in (F-/S+)-host 
plants. As a consequence, (F-/S+)-females 
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achieved the lowest pupal mass and 
forewing length (Table 2). In 
holometabolous insects larval resources are 
allocated to different imaginal discs during 
metamorphosis (Shingleton et al. 2007). 
Thus, silica level in host plants affected 
forewing length more than pupal mass 
(Table 1, 2), suggesting that under limited 
nitrogen availability, allocation to wing 
formation was decreased. The level of 
silica in nitrogen low host plants could 
negatively affect female fitness, as 
butterfly mass and reproduction are 
positively correlated (Mevi-Schütz and  
Erhardt 2005; Cahenzli and Erhardt 2012a, 
b), and thorax mass and forewing 
geometry affect flight performance 
(Berwaerts et al. 2002), which can be 
important for dispersal, foraging, 
reproduction and predator avoidance. 
Furthermore, larval duration in the (F-/S+)-
treatment group was significantly longer 
than in the other treatment groups (Table 
2), and prolonged larval duration may 
increase the exposure time to predators, 
parasites and other adverse factors (Clancy 
and Price 1987; Williams 1999). In 
contrast, supplementary silica levels had 
no negative effects on butterflies raised on 
fertilized host plants (Table 2). 
Correspondingly, only locusts fed with 
suboptimal protein:carbohydrate ratios in 
their artificial diet were negatively affected 
by the secondary plant metabolite tannic 
acid (Simpson and Raubenheimer 2001). 
Thus, host plant defence is affected by 
fertilization, and host plant quality is 
determined by several factors that are not 
independent of each other. These 
interactions can influence herbivores 
differently. 
 
Compensatory feeding in the adult stage 
  
Allocation patterns of nutrients at each 
developmental stage are not independent 
of each other and also interact with the 
nutritional environment (Simpson and 
Raubenheimer 1993; Boggs 2009). Our 
study shows that compensatory feeding 
from the larval phase continued in the 
adult stage. Both females as well as males 
(F-/S+), showed an increased relative 
consumption of amino acid nectar 
compared to (F+/S-)-butterflies that were 
raised under optimal larval food 
conditions. These results confirm that 
larval and adult feeding are interconnected 
in C. pamphilus, and correspond with 
previous findings (O'Brien et al. 2002, 
2005; Mevi-Schütz and Erhardt 2003b; 
Cahenzli and Erhardt 2012 a). Nectar 
amino acids acquired in the adult phase 
compensated for nutritional deficiencies 
from the larval phase in A. levana females 
raised on nitrogen-poor host plants, 
resulting in almost the same fecundity as 
females reared on nitrogen-rich host plants 
(Mevi-Schütz and Erhardt 2005). 
Furthermore, male butterflies can use 
nectar amino acids to enhance their 
reproduction (Cahenzli and Erhardt 2013). 
Thus, nectar covers not only current 
energy requirements in the adult stage, but 
can also compensate for deficiencies 
acquired during larval feeding and benefit 
reproduction. 
 
Conclusions 
 
This study shows that nitrogen 
concentration in larval host plants and the 
silica level in host plant defence interact 
and affect butterfly performance, as well as 
the relative consumption of amino acid 
nectar by C. pamphilus butterflies, thus 
documenting the complexity of plant-
herbivore interactions. Furthermore, we 
verified that larval and adult feeding are 
interconnected in C. pamphilus, and we 
show that both female and male butterflies 
reared under adverse larval food conditions 
preferred to consume amino acid-rich 
nectar. Thus, varying larval host quality, 
be it chemically or structurally, affects 
adult consumption of amino acid nectar. 
This in turn may lead to changes in flower 
preferences and could ultimately affect 
plant-pollinator dynamics (Mevi-Schütz et 
al. 2003). 
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Chapter 2 
 
Enhancing offspring quality or quantity? Different ways for using nectar 
amino acids in female butterflies 
 
Abstract   
Butterfly-pollinated flowers offer nectar with 
higher amino acid concentrations than most 
flowers pollinated by other animals, and 
female butterflies of some species prefer to 
consume amino acid-rich nectar. However, 
for over 30 years, there has been an ongoing 
discussion about whether nectar amino acids 
benefit butterfly fitness. A clear positive 
effect was only shown for the nectar-feeding 
Araschnia levana, and females of the fruit-
feeding Bicyclus anynana also increased 
offspring quality when they were fed amino 
acids as adults. Thus, severe doubts remain 
about the general signifcance of these single 
positive results. We therefore tested a further 
species from a phylogenetically different 
butterfly subfamily, the small heath 
(Coenonympha pamphilus L., Satyrinae), 
taking into account feeding conditions over 
the whole life cycle of this species. C. 
pamphilus females receiving nectar amino 
acids as adults, irrespective of larval food 
quality, produced heavier larvae and also 
increased the hatching success of their eggs 
over the oviposition period. Furthermore, 
females raised under nitrogen-poor larval 
conditions tended to use nectar amino acids 
to increase the number of eggs laid. Thus, C. 
pamphilus females used nectar amino acids 
primarily to increase their offspring quality, 
and secondly tended to increase offspring 
quantity, if larval resources were scarce, 
showing a resource allocation pattern 
differing from both B. anynana and A. 
levana. Our study supports the old postulate 
that nectar amino acids generally enhance 
butterfly fitness. 
 
Keywords: Butterfly reproduction, 
Coenonympha pamphilus, Larval feeding, 
Lepidoptera, pollination 
 
Introduction 
 
Approximately two-thirds of all flowering 
plants are pollinated by insects 
(Schoonhoven et al. 2006). Apart from 
olfactory and visible attractants, flowers lure 
potential pollinators with rewards such as 
nectar, pollen, or oil. Nectar is composed 
mainly of water and sugars, but can also 
contain significant amounts of amino acids 
(Ziegler 1956; Lüttge 1961; Baker and Baker 
1973, 1986; Baker 1975). Amino acid 
concentration in floral nectar is relatively 
constant within species and can typify 
certain plant families and genera (Baker and 
Baker 1986). Moreover, the amino acid 
concentration in floral nectar correlates with 
specific pollinator types, and nectar of 
flowers adapted to pollination by butterflies 
contains higher levels of amino acids than 
most flowers pollinated by other animal 
types (Baker and Baker 1975, 1986). As a 
consequence of this finding, there has been 
an ongoing discussion for over 30 years as to 
whether amino acids obtained from nectar in 
the adult diet enhance butterfly fitness. 
Insect eggs consist primarily of protein 
(Engleman 1984), and the amount of 
acquired nitrogen is a key factor for fitness 
and reproduction in insects, but larval host 
plants often do not provide optimal amounts 
of nitrogen (Schoonhoven et al. 2006). 
Hence, the limiting resource for reproduction 
seems to be nitrogenous compounds 
(Mattson 1980; Boggs 1981), and insects are 
dependent on dietary sources for 10 out of 
20 amino acids (Dadd 1973). Thereby, 
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resource allocation differs under 
unconstrained, benign conditions and 
stressful, resource-poor environments 
(Boggs 2009). However, butterflies can also 
synthesise non-essential amino acids from 
carbohydrates   in   adult   nectar   diet   (O’Brien  
et al. 2002). 
Depending   on   an   animal’s stage of 
development and current environmental 
circumstances, nutrients are required at 
optimal levels to maximize fitness (Simpson 
and Raubenheimer 1993). Furthermore, 
allocation patterns of nutrients at each 
developmental stage are not independent of 
each other and also interact with the 
nutritional environment (Boggs 2009). Thus, 
in holometabolous insects, larvae and adults 
can feed on different food sources and both 
stages can contribute nutrients to 
reproduction. In butterflies, nitrogen used in 
egg production is mainly derived from stored 
larval  reserves  (Boggs  1981,  1997a;;  O’Brien  
et al. 2002), but the importance of larval 
reserves declines with increasing quality of 
adult nutrition (Boggs 2009). Nitrogen 
sources in the adult stage are adult diet 
(Boggs   1997a;;   O’Brien   et   al.   2002)   and  
‘nuptial   gifts’   that   females   receive   in   the  
form of spermatophores from males at 
mating (Boggs and Gilbert 1979; Boggs 
1981). Hence, female butterfly fecundity can 
be increased by the availability of amino 
acid-rich nectar in the adult diet (Mevi-
Schütz and Erhardt 2005), by a plain sugar 
solution enriched with amino acids and salts 
(Bauerfeind and Fischer 2009), by the 
utilization of nitrogen-rich   pollen   (O’Brien 
et al. 2003), and by nitrogen-rich nuptial 
gifts received during mating (Wiklund et al. 
1993; Karlsson 1998; Arnqvist and Nilsson 
2000). Furthermore, female butterflies of 
some species prefer to consume amino acid-
rich nectar (Alm et al. 1990; Erhardt and 
Rusterholz 1998; Mevi-Schütz and Erhardt 
2002), suggesting that amino acids derived 
from adult diet are generally important for 
female butterfly reproduction. For instance, 
female butterflies of Araschnia levana and 
Coenonympha pamphilus L. (Lepidoptera: 
Satyrinae) raised on nitrogen-poor larval 
host plants showed an increased preference 
for amino acid-rich nectar (Mevi-Schütz and 
Erhardt 2003a; Mevi-Schütz et al. 2003). 
Another important factor affecting 
resource allocation patterns is aging. Food 
intake for any given life stage does not 
necessarily match life-history trait 
requirements for that particular life stage 
(Boggs 2009). For example, nectar intake 
varies with age (Boggs and Ross 1993; 
Boggs 1997b), and the source (larval or adult 
income) of egg nutrients varies over the 
female oviposition period (Boggs 1997a, b), 
thereby also affecting fecundity (Boggs and 
Freeman 2005). 
Nevertheless, the role of amino acids in 
nectar for butterfly reproduction remains 
controversial. For instance, females of the 
tropical papilionids Battus philenor and 
Ornithoptera priamus (Erhardt 1991, 1992) 
and male butterflies in general did not show 
a preference for amino acid-rich nectar (e.g., 
Mevi-Schütz and Erhardt 2003a; Mevi-
Schütz et al. 2003). Furthermore, female 
fecundity of several butterfly species was not 
influenced by nectar amino acids (Moore 
and Singer 1987; Hill 1989; Mevi-Schütz 
and Erhardt 2003b), leaving some ambiguity 
about the general significance of nectar 
amino acids for butterfly reproduction. To 
date, only two studies have shown 
conclusive evidence of a beneficial effect of 
amino acids from adult diet on butterfly 
fecundity (Mevi-Schütz and Erhardt 2005; 
Bauerfeind and Fischer 2009). However, in 
the study of Mevi-Schütz and Erhardt 
(2005), positive fitness effects of nectar 
amino acids in the adult diet of A. levana 
females only became apparent when larvae 
were raised under nitrogen-poor dietary 
conditions. In contrast, increased egg size 
resulting from an amino acid-rich adult diet 
in the fruit- feeding Bicyclus anynana was 
unaffected by larval food conditions 
(Bauerfeind and Fischer 2009). Previous 
studies which found no effect of amino acids 
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in the adult diet on butterfly reproduction 
neglected nutrients acquired during the 
larval phase. As, in these studies, larvae 
were raised under benign conditions, 
positive effects of nectar amino acids from 
adult feeding might have been masked 
(Moore and Singer 1987; Hill 1989; Mevi-
Schütz and Erhardt 2003b). Hence, further 
manipulative studies of resource acquisition 
and utilization in phylogenetically diverse 
butterflies are needed to test the 
hypothesized universality of the relationship 
between nectar amino acids, reproduction, 
and larval food stress among butterflies, as 
stated by Jervis and Boggs (2005). 
The objective of the present study was 
therefore to clarify this issue by investigating 
the small heath (Coenonympha pamphilus 
L., Satyrinae), an additional butterfly species 
from a different subfamily than the 
previously tested nectar-feeding A. levana 
and fruit-feeding B. anynana, taking into 
account the food quality of the juveniles as 
well as of the adults. We measured not only 
quantitative reproductive parameters (i.e. 
egg number) but also qualitative, fitness-
relevant traits such as hatching success of 
eggs   and   progeny’s   larval   hatching   mass, 
and refer to these traits as offspring quality 
in this paper. As nutrients from adult feeding 
can be stored and can be used only later 
during the oviposition period after resources 
from the larval phase are depleted (Boggs 
1997a), we also analysed time patterns of 
reproductive parameters over the whole 
female oviposition period. 
 
Materials and methods 
 
Study species 
 
Coenonympha pamphilus, the small heath, 
is a common butterfly in Eurasia and is 
found primarily on unfertilized meadows. It 
generally has three generations per year and 
overwinters as half-grown larva (Ebert and 
Rennwald 1991). Larvae of this species feed 
on a variety of grasses (Cynosurus, Poa, and 
Anthoxanthum spp.; Koch 1991), but 
Festuca rubra is favored (Goverde and 
Erhardt 2003). Eighteen C. pamphilus 
females were collected from an unfertilized 
meadow in the northern Jura mountains 
(Liesberg BL, Switzerland) and placed in 
cages containing pots of F. rubra for 
oviposition. The eggs were carefully 
collected (the butterflies laid their eggs 
directly on the cage netting so it was 
necessary to cut the netting to collect the 
eggs) and placed in Petri dishes. 
 
Plant material 
 
Larval food plants of F. rubra were grown 
in 750-ml plastic pots filled with untreated 
calcareous soil from a nutrient-poor meadow 
near Liesberg BL in Switzerland. Each pot 
was planted with 450 seeds (UFA Samen, 
Basel, Switzer- land). Plants were grown in a 
greenhouse at the University of Basel, with 
ambient sun light in summer and supplement 
light (1,000 W broad spectrum, light period 
from 0600 to 2000 hours) during cloudy 
weather conditions and a day/ night cycle of 
25/19°C. All pots were watered when 
necessary. High-quality larval food plants 
were obtained by fertilizing half the pots 
once a week with 50 ml Algoflash 
(Laboratoire Algochemie Z. I. Nord, 
Chateau-Renault, France; N:P:K = 1:1:1). 
The low-quality larval food plants received 
only water. Prior to introducing the larvae, 
the following plant quality parameters were 
analyzed from 8-week-old grass samples: 
Leaf water content was calculated as the 
difference between dry and fresh leaf mass 
(drying by 80°C for 48 h), dry leaves were 
ground for leaf nitrogen (N) and carbon (C) 
analysis using a CHN analyzer (LECO 
Instruments, model 1932; St. Joseph, MI, 
USA). 
 
Larval diet 
 
L1 larvae from the 18 ovipositing females 
were randomly assigned to either the high- 
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or low-quality larval food plants and kept in 
groups of 10. All lineages were included in 
the analysis. 
Larvae were raised in the same greenhouse 
under the same climatic conditions as larval 
food plants. Larvae from each female were 
reared separately in order to later trace back 
each butterfly to the ovipositing female. 
After 10 days, larvae were separated and 
kept individually in Petri dishes enclosed 
with nylon mesh. About a third of all larvae 
entered diapause and had therefore to be 
excluded from the experiment. There was no 
effect of larval food quality on the 
proportion of larvae entering diapause (χ2 = 
2.46, df = 1, P = 0.12). The larvae continued 
to receive their assigned larval food quality 
diet. To achieve a difference in nitrogen 
reserves from the larval phase, larvae raised 
on high-quality larval food plants received 
an abundant supply of fertilized F. rubra ad 
libitum, whereas larvae from the low-quality 
treatment received a quantitatively limited 
amount of unfertilized larval host plants 
during the last larval instar (ca. 50% of the 
amount of the high-quality larvae). 
Considering not only food quality but also 
the amount of available food is important in 
order to evaluate effects of food quality on 
performance in feeding experiments due to 
potential compensatory feeding (Carvalho et 
al. 2005; Simpson and Raubenheimer 2007). 
Pupae were collected and placed in 
individual compartments until emergence. 
 
Butterfly diet 
 
Females were weighed within 24 h after 
emergence (Mettler Toledo Ab 204-S; 
Mettler Instruments, Switzerland), placed in 
individual nylon mesh cages (20 cm x 20 cm 
x 40 cm), and allowed to mate once with an 
unrelated male. All butterflies that did not 
mate within the first 2 days after emergence 
were excluded from the analysis. Female 
butterflies from the high- and low-quality 
larval food treatments were randomly 
assigned to a nectar diet treatment consisting 
either nectar mimic with amino acids (AA) 
or without amino acids (NAA). Four 
treatment groups resulted: high- quality 
larval food and adult diet with amino acids 
(high/ AA, n = 13), high-quality larval food 
and adult diet without amino acids 
(high/NAA, n = 16), low-quality larval food 
and adult diet with amino acids (low/AA, n 
= 11) and low- quality larval food and adult 
diet without amino acids (low/ NAA, n = 
13). 
A nectar mimic of the plant Lantana 
camara was used in this experiment. 
Although this plant does not occur naturally 
in the habitat of C. pamphilus, nectar mimics 
of L. camara have been used in former 
experiments with C. pamphilus (Mevi-
Schütz and Erhardt 2003a) as well as with a 
number of other butterfly species (Alm et al. 
1990; Erhardt and Rusterholz 1998; Mevi-
Schütz et al. 2003; Mevi-Schütz and Erhardt 
2005) and have become established as a 
reference for comparing studies of different 
butterfly species. The nectar mimic of the 
group fed without amino acids contained 
only sucrose, glucose, and fructose, whereas 
the diet of the amino acid-fed group 
corresponded to the complete nutrient 
spectrum of L. camara nectar, additionally 
containing nonessential and essential amino 
acids (for exact composition, see Alm et al. 
1990). The test solutions were made with 
sodium-free substances. 
Preliminary experiments showed that C. 
pamphilus butterflies rejected a daily feeding 
(Cahenzli and Erhardt, unpublished data). In 
contrast to the varying availability of floral 
nectar quality and quantity in nature 
(Rusterholz and Erhardt 1998a, b), nectar 
supply at the artificial feeding station was 
not limited. In the present experiment, the 
butterflies consumed obviously enough 
nutrients by feeding only every second day. 
Furthermore, the butterflies were kept in 
cages, reducing their mobility and 
diminishing their energy consumption. We 
therefore fed the butterflies their respective 
nectar diet every second day and allowed 
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them to consume nectar until they 
voluntarily left the feeding station. C. 
pamphilus butterflies did not recognize the 
artificial feeding station as a natural nectar 
source, so we placed the butterflies beside 
the nectar-filled tube and dipped the rolled-
out proboscis with the help of a needle into 
the nectar mimic to initiate feeding. To 
measure the amount of nectar consumed, we 
used a 100-μl Hamilton syringe. 
 
Reproductive parameters 
 
Larval host plants for oviposition were 
offered, but in our experiment C. pamphilus 
females laid their eggs mainly on the cage 
netting. We recorded the longevity of each 
butterfly and collected all eggs laid by 
cutting them out of the cage netting. 
Egg duration (number of days from when 
the egg was laid to when larva hatched), the 
egg hatching success (number of eggs 
hatched per female), and larval hatching 
mass (mg) of progeny were recorded for all 
eggs collected from each butterfly. Previous 
studies with other butterfly species showed 
that egg mass and larval hatching mass are 
tightly correlated (Karlsson and Wiklund 
1984; Nakasuji and Kimura 1984) and larger 
eggs produce larger hatchlings (Fischer et al. 
2002). Thus, the measured larval hatching 
mass in this study is a good substitute for 
egg mass. To measure larval hatching mass 
instead of egg mass was necessary because 
C. pamphilus females frequently lay their 
eggs on the cage netting, which made 
weighing eggs without destroying them 
impossible. Eggs laid on the same day by the 
same butterfly were placed together in Petri 
dishes. Freshly hatched larvae were weighed 
within 24 h (Mettler M3; Mettler 
Instruments) before they were fed. 
Furthermore, we characterized relationships 
between butterfly mass and reproduction, 
between butterfly age and number of eggs, 
and between larval hatching success and 
larval hatching mass. 
 
Statistical analysis 
 
Plant quality parameters (leaf water 
concentration, leaf nitrogen, and C/N ratio) 
of fertilized and unfertilized larval food 
plants were compared using a one-way 
MANOVA. 
The larval quality traits logn transformed 
larval duration, pupal duration and adult 
emergence mass, the reproductive traits logn-
transformed longevity of female butterflies, 
the logn-transformed average amount of 
nectar mimic consumed by females, total 
number of eggs laid, hatching success of 
eggs,  and  progeny’s  egg  duration  and   larval  
hatching mass were analyzed with mixed-
effects models. Because related individuals 
(individuals from the same maternal lineage) 
are not independent of each other, effects 
and interactions were tested against the 
random factor lineage. Larval quality traits 
were tested against the factors larval food 
quality (low, high) and sex. The reproductive 
traits were tested against the factors nectar 
amino acid diet (AA vs. NAA) and larval 
food quality (high vs. low), and the 
covariates female emergence mass and the 
average amount of nectar consumed per 
feeding. The average amount of nectar 
mimic consumed was tested against the 
factor nectar diet and the covariate female 
emergence mass. A stepwise model 
reduction of these models was employed, 
with the least significant interactions always 
removed first (Crawley 2007). Tukey–
Kramer’s  HSD  comparisons  (P < 0.05) were 
performed between the levels of significant 
factors. 
Mixed-effects models with temporal 
pseudoreplication (repeated measures on the 
same females) were used to test whether day 
of oviposition, adult diet, individual, and the 
interaction between day of oviposition and 
adult diet affected time patterns of 
reproductive traits. Number of eggs and 
larval hatching success of eggs over time 
were analyzed with generalized linear mixed 
models with temporal pseudoreplication due 
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to non-normal data structure (Crawley 
2007). Furthermore, quadratic regression 
was used to characterize trends in the time 
pattern of hatching success of eggs over the 
oviposition period from females fed with 
nectar without amino acids, whereas the time 
pattern of hatching success of eggs from 
females fed with amino acid-rich nectar was 
analyzed with linear regression (Crawley 
2007). The time pattern of number of eggs 
laid over the oviposition period of females 
fed with nectar lacking amino acids was 
characterized with exponential regressions, 
whereas the corresponding time pattern of 
females fed with amino acid-rich nectar was 
analyzed with quadratic regression (Crawley 
2007). Time patterns of progeny’s   larval  
hatching mass were analyzed using quadratic 
regressions (Crawley 2007). 
Correlation analysis was used to examine 
if female emergence mass affected total 
number of eggs laid positively or negatively. 
We also used correlation analysis to detect a 
possible trade-off between total number of 
eggs   laid   and   progeny’s   larval   hatching  
mass, as it was not clear whether number of 
eggs or larval hatching mass is the 
dependent variable. 
To maintain consistency in the 
investigation of the effect of nectar amino 
acids on female butterffy reproduction, we 
used analogous statistical analyses as in the 
experiment with A. levana (Mevi-Schütz and 
Erhardt 2005). All statistical analyses were 
calculated with R Statistical Software 
(v.2.9.1; R Development Core Team 2009). 
All treatment means are indicated with 
standard errors.  
 
Results 
 
Laval host plant quality 
 
Fertilized F. rubra had a significantly 
higher plant quality (leaf nitrogen, water 
content and C/N ratio) than unfertilized 
larval food plants (F1,26 = 79.88, P < 0.001). 
As expected, fertilized F. rubra had 
significantly higher leaf nitrogen (low-
quality: 2.85 ± 0.08 g N / 100 g dry weight; 
high-quality: 4.16 ± 0.07 g N / g dry weight; 
P < 0.001),  a higher water content (low-
quality: 0.08 ± 0.01 g H2O / 100g dry 
weight; high-quality: 0.12 ± 0.01 g H2O / 
100g dry weight; P = 0.006) and a lower 
C/N ratio (low-quality: 16.23 ± 0.53; high-
quality: 10.37 ± 0.25; P < 0.001) than 
unfertilized larval food plants.  
 
Effects of larval diet 
 
Larval duration (high-quality: females 
24.69 ± 0.54 days; males 22.25 ± 0.31 days; 
low-quality females 26.48 ± 0.62 days; 
males 24.47 ± 0.53 days) was significantly 
affected by larval diet quality (F1,49 = 27.31, 
P < 0.001), sex (F1,49 = 23.63, P < 0.001) 
and marginally by lineage (F1,49 = 3.51, P = 
0.076). Additionally, there was a marginal 
interaction between sex and larval diet 
quality (F1,49 = 3.54, P = 0.06), since in 
males the difference of larval duration 
between low- and high-quality larval food 
treatment groups was more pronounced than 
in females. 
Pupal duration (high-quality: females 7.52 
± 0.12 days; males 8.36 ± 0.74 days; low-
quality: females 7.52 ± 0.10 days; males 
7.67 ± 0.10 days) was not affect by larval 
diet quality (F1,50 = 0.28, P = 0.60), by sex 
(F1,50 = 2.42, P = 0.12), or by lineage (F1,50 
= 0.10, P = 0.75).  
Emergence mass (high-quality: females 
31.55 ± 1.04 mg; males 21.45 ± 0.52 mg; 
low-quality: females 26.18 ± 0.77 mg; males 
18.73 ± 0.91 mg) was significantly affected 
by larval diet quality (F1,49 = 56.84, P < 
0.001) and sex (F1,49 = 157.80, P < 0.001), 
whereas lineage had no significant effect 
(F1,49 = 1.60, P = 0.22). Additionally, there 
was a significant interaction between sex and 
larval diet quality (F1,49 = 4.25, P = 0.042), 
since in males the difference of emergence 
mass between low- and high-quality larval 
food treatment groups was more pronounced 
than in females. 
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Table 1: Treatment means for Coenonympha pamphilus butterflies. 
 Low/NAA Low/AA High/NAA High/AA 
Total no. eggs laid 84.15a  ± 4.71 98.64ab ± 8.06 132.75c ± 5.73 121.15bc ± 7.37 
Egg duration (day) 7.74 ± 0.06 7.82 ± 0.12 7.77 ± 0.06 7.62 ± 0.08 
Hatching success 0.87 ± 0.02 0.85 ± 0.04 0.82 ± 0.05 0.88 ± 0.03 
Hatching mass (mg) 0.163bc ± 0.005 0.185a ± 0.006 0.159c ± 0.004 0.178ab ± 0.005 
Nectar/feeding (µl) 9.35 ± 0.56 9.58 ± 0.72 9.46 ± 0.35 10.01 ± 0.47 
Longevity (day) 22.77 ± 11.04 24.18 ± 10.34 24.07 ± 11.27 26.46 ± 10.56 
Note: Butterflies were raised on a low- or high-quality larval diet and fed a nectar mimic 
with (AA) or without (NAA) amino acids (means ± SE). Different letters indicate 
significant differences among treatment groups (Tukey-Kramer HSD, P < 0.05). 
 
Effects of nectar amino acids on female 
reproduction 
 
The reproductive traits total number of 
eggs   laid,   progeny’s   larval   hatching   mass,  
egg duration, hatching success of eggs, 
female longevity and the amount of 
consumed nectar were affected differently 
by the measured parameters: 
The total number of eggs laid by females 
differed significantly among the four 
treatment groups (F3,49 = 12.1, P < 0.001; 
Table 1). Total number of eggs laid was 
significantly affected by larval food quality, 
whereas nectar diet, average amount of 
nectar consumed, emergence mass and 
lineage had no significant effects (Table 2). 
Additionally, there was a significant 
interaction between larval and adult diet 
quality (Table 2). 
Progeny’s   larval   hatching   mass   differed 
significantly among the four treatment 
groups (F3,49 = 5.71, P = 0.003; Figu 1, 
Table 1). Larval food quality, emergence 
mass   and   lineage   did   not   affect   progeny’s  
mean larval hatching mass, whereas nectar 
diet had a significant, and the average 
amount of consumed nectar only a marginal 
effect (Table 2). There was no trade-off 
between   number   of   eggs   and   progeny’s  
larval hatching mass in females fed nectar 
without amino acids (r = -0.10, df = 27, P = 
0.61) as well as in females fed nectar 
containing amino acids (r = 0.28, df = 22, P 
= 0.18). 
Egg duration (F3,49 = 0.73, P = 0.6; Table 
1) and hatching success of eggs (F3,49  = 
0.45, P = 0.8; Table 1) did not differ 
significantly among the four treatment 
groups and were not influenced by larval 
food quality, female emergence mass, 
average amount of nectar mimic consumed, 
adult nectar diet or lineage (Table 2). 
 
Figure 1 
  
Fig. 1 Hatching mass of larvae laid by 
Coenonympha pamphilus butterflies raised on 
low-quality (= low) or high-quality (= high) 
Festuca rubra and fed nectar mimics with amino 
acids (= AA; dark bars) or without amino acids 
(= NAA; bright bars). Mean ± SE. Different 
letters indicate significant differences for larval 
hatching mass (high/NAA-high/AA: P = 0.047; 
low/AA-high/AA: P = 0.8; low/NAA-high/AA: 
P = 0.2; low/AA-high/NAA: P = 0.005; 
low/NAA-high/NAA: P = 0.1; low/NAA-
low/AA: P = 0.03). 
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Table 2: Effects of larval food quality, emergence mass, adult nectar diet, daily amount of nectar consumed and lineage on reproduction of 
Coenonympha pamphilus butterflies. F values, P values and the effect size (R) of the ANCOVA are presented. 
 Number of eggs 
(df = 1, 30) 
Egg duration 
(df = 1, 31) 
Egg hatching success  
(df = 1, 31) 
Larval hatching mass  
(df = 1, 31) 
Longevity  
(df = 1, 31) 
 F P R F P R F P R F P R F P R 
Nectar quality <0.01 0.98 0.00 0.19 0.66 0.08 0.42 0.52 0.11 17.11 <0.001 0.60 0.28 0.60 0.09 
Larval food quality 33.75 <0.001 0.73 0.69 0.41 0.15 1.75 0.20 0.23 0.90 0.35 0.17 0.84 0.37 0.16 
Emergence mass 1.14 0.29 0.19 2.09 0.16 0.25 3.07 0.09 0.30 0.08 0.78 0.05 1.78 0.19 0.23 
Amount of nectar 2.71 0.11 0.29 0.64 0.43 0.14 0.62 0.44 0.14 4.07 0.053 0.34 1.38 0.17 0.21 
Lineage <0.001 1.00 0.00 1.78 0.19 0.23 0.002 0.97 0.01 1.06 0.32 0.25 2.02 0.17 0.33 
Larval food quality 
x nectar quality 
4.50 0.042 0.36 - n.s - - n.s. - - n.s. - - n.s. - 
Note: Emergence mass is shown as an expression of larval food quality. Adult nectar diet is shown as AA versus NAA. 
R  =  √(F)  (√(F+df))-1, df in lineage = 16. 
 
 
Table 3: Effects of day of oviposition, adult nectar diet and individual on time patterns of reproductive parameters of Coenonympha 
pamphilus butterflies. Z or t values, P values, degrees of freedom (df) and the effect size (R) of the ANCOVA are presented. 
 Egg number Larval hatching mass Larval hatching success 
 z P R df t P R df z P R df 
Day of oviposition -15.05 <0.001 0.43 1,994 21.58 <0.001 0.95 1,754 5.78 <0.001 0.21 1,754 
Individual 3.92 <0.001 0.49 1,50 0.41 0.65 0.03 1,50 1.41 0.16 0.20 1,50 
Adult diet -1.97 0.049 0.27 1,994 4.32 <0.001 0.52 1,754 3.79 <0.001 0.47 1,754 
Adult diet x day of ovipostion - n.s. - - - n.s. - - -4.32 <0.001 0.16 1,754 
Note: Adult nectar diet is shown as AA versus NAA. R =  t(√(t2+df)) -1 or  z(√(z2+df)) -1 
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Female longevity did not differ among the 
four treatment groups (F3,49 = 0.34, P = 0.8; 
Table 1) and was not influenced by larval 
food quality, average amount of nectar 
mimic consumed, adult nectar diet or lineage 
(Table 2). Emergence mass had a marginal 
effect on longevity (Table 2).  
Adult treatment groups fed with the nectar 
mimic containing amino acids (high/AA & 
low/AA) did not consume more nectar than 
those fed with the nectar mimic without 
amino acids (high/NAA versus low/NAA; 
F3,49 = 0.4, P = 0.8; Table 1). Larval food 
quality (F1,32 = 0.47, P = 0.50), female 
emergence mass (F1,49 < 0.01, P = 0.95), 
nectar diet quality (F1,32 = 0.55, P = 0.46) 
and lineage (F1,49 = 0.78, P = 0.39) had no 
significant effects on nectar consumption. 
Female emergence mass was positively 
correlated with the number of eggs laid (r = 
0.40, N = 53, P = 0.003), since heavier 
females laid more eggs. 
 
Figure 2 
 
Fig. 2 Regression analyses show that the number 
of eggs laid from Coenonympha pamphilus 
females fed with amino acid-rich nectar (filled 
dots, solid lines; R2 = 0.85, N = 30, P < 0.001) 
versus females receiving no amino acids (empty 
dots, dashed lines; R2 = 0.79, N = 29, P < 0.001) 
both decrease over oviposition period. There was 
no difference between high- and low-quality 
larval food groups. 
Time effects over oviposition period 
 
The reproductive traits number of eggs 
laid,   progeny’s   larval   hatching   mass   and  
hatching success of eggs were affected 
differently by the measured parameters over 
the female oviposition period. Furthermore, 
regression analyses revealed how time 
patterns changed over the female oviposition 
period: 
Generalized linear mixed-model analysis 
revealed that day of oviposition, individual 
and adult diet had a significant effect on the 
time pattern of number of eggs laid (Table 
3). Furthermore, exponential regression 
analysis showed that the number of eggs laid 
of females that received no amino acids as 
adults decreased over female oviposition 
period (high/NAA & low/NAA; R2 = 0.79, N 
= 29, P < 0.001; Figure 2). Quadratic 
regression analysis showed that also the 
number of eggs laid of the females fed 
amino acid-rich nectar decreased over the 
female oviposition period  (high/AA & 
low/AA; R2 = 0.85, N = 30, P < 0.001).  
Generalized linear mixed-model analysis 
showed significant effects of adult diet and 
day of oviposition on time patterns of 
progeny’   s   larval   hatching   mass   (Table   3).  
Quadratic regression analyses revealed that 
progeny’s   larval   hatching   mass decreased 
over the oviposition period in both adult 
feeding groups (high/AA & low/AA: R2 = 
0.82, N = 28, P < 0.001; high/NAA & 
low/NAA: R2 = 0.85, N = 29, P < 0.001). 
Day of oviposition, adult nectar diet and 
the interaction between day and adult diet 
affected significantly the time pattern of 
hatching success of eggs, whereas individual 
had no significant effect (Table 3). Quadratic 
regression analysis showed that hatching 
success of eggs increased over the 
oviposition period for AA females (R2 = 
0.74, N = 24, P < 0.001, Figure 3). For NAA 
females, linear regression analysis revealed 
that hatching success of eggs increased up to 
day twelve and decreased afterwards (R2 = 
0.57, N = 27, P < 0.001; Figure 3).  
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Figure 3 
 
 
Fig. 3 Regression analyses show that hatching 
success of eggs from Coenonympha pamphilus 
females fed with amino acid-rich nectar (filled 
dots, solid lines; R2 = 0.74, N = 24, P < 0.001) 
increased significantly, whereas females 
receiving no amino acids (empty dots, dashed 
lines; R2 = 0.57, N = 27, P < 0.001) showed first 
an increase and afterwards a decrease. There was 
no difference between high- and low-quality 
larval food groups. 
 
Discussion 
 
Effects of nectar amino acids on butterfly 
reproduction 
 
This study clearly shows that floral nectar 
amino acids can influence reproduction in 
female Coenonympha pamphilus butterflies. 
Similar to the fruit-feeding B. anynana 
females (Bauerfeind and Fischer 2009), C. 
pamphilus females receiving amino acids in 
their adult diet produced significantly 
heavier offspring (Figure 1; Tables 1, 2). 
Several previous studies with other butterfly 
species showed benefits of increased egg and 
larval size (Murphy et al. 1983; Braby 1994; 
Fischer et al. 2003; Seko and Nakasuji 2004; 
Fischer et al. 2006; but see Wiklund and 
Persson 1983; Karlsson and Wiklund 1984; 
Wiklund and Karlsson 1984). Furthermore, 
C. pamphilus lay their eggs not only on 
benign larval food plants but also on dead 
plant material, from which freshly hatched 
larvae must find new host plants (Wiklund 
1984). In general, larger hatchling larvae can 
travel longer distances, thereby increasing 
the likelihood to find fresh larval food 
plants, as stated by Murphy et al. (1983). 
However, further work is required to 
determine the advantage of heavier larval 
masses in C. pamphilus. Furthermore, a 
disadvantage regarding sibling competition 
was found for species of Hesperioidea with 
bigger eggs and longer egg duration (Garcia-
Barros 2000). However, this was not 
apparent in our study, since egg duration was 
the same for all treatment groups (Table 1). 
In addition, we did not observe a trade-off 
between progeny’s   larval   hatching  mass   (as  
a substitute for egg mass) and number of 
eggs in our study, an analogous result as in 
A. levana (Mevi-Schütz and Erhardt 2005). 
Furthermore, females raised on high-quality 
larval food plants laid similar numbers of 
eggs in the present study as did C. pamphilus 
females in another experiment (Karlsson and 
Wiklund 2005). 
Nitrogen-rich larval food significantly 
affected emergence mass and the number of 
eggs laid (Tables 1, 2). Furthermore, 
emergence mass and the number of eggs laid 
were positively correlated. The achieved 
adult mass of females raised under variable 
larval food conditions also correlated 
strongly with their reproductive success in 
other butterfly species (Mevi-Schütz and 
Erhardt 2005; Bauerfeind and Fischer 2009). 
Low/AA females used nectar amino acids 
primarily to increase larval hatching mass 
and egg hatching success over time (Tables 
1, 3; Figures 1, 3), but obviously also 
invested additional nitrogen from adult 
feeding to slightly increase the number of 
eggs, as indicated by the significant 
interaction between larval and adult diet 
quality on egg number. 
The findings of the present study support 
the idea that reproduction can be increased 
by amino acids obtained from adult diet, and 
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this may even be a general feature in nectar 
feeding butterflies. It also demonstrates that 
allocation patterns of amino acids acquired 
from adult diet differ between different 
butterfly subfamilies, possibly reflecting 
different life history traits and strategies. 
 
Time effects over oviposition period 
 
In our study, the number of eggs laid over 
the female oviposition period decreased in 
all four treatment groups. Females fed with 
nectar lacking amino acids tended to lay 
more eggs early in their life, whereas 
females fed amino acid-rich nectar tended to 
extended the number of eggs over the whole 
oviposition period (Figure 2), possibly 
relying on the better adult food quality 
(Boggs 1997b). A corresponding result has 
been found in the fruit-feeding B. anynana 
(Bauerfeind and Fischer 2009). 
The   progeny’s   hatching   mass   of   larvae  
decreased steadily with increasing female 
age in the present study. This result is in 
accordance with the decreasing egg mass 
produced by C. pamphilus females towards 
the end of their life (Wickman and Karlsson 
1987) and the decreasing egg mass with 
increasing age of several other butterfly 
species (Wiklund and Persson 1983; 
Karlsson and Wiklund 1984; Mevi-Schütz 
and Erhardt 2003a, 2005; Bauerfeind and 
Fischer 2009; but see Bauerfeind and Fischer 
2007). 
However, patterns of hatching success of 
eggs differed considerably between females 
fed with or without amino acid-rich nectar 
(Figure 3). Hatching success of eggs steadily 
increased with female age for butterflies fed 
with amino acid-rich nectar, whereas 
females that received no amino acids as 
adults reached a peak hatching success of 
eggs before it decreased again. Similarly, 
differences in hatching success of eggs were 
more pronounced in later phases of the 
oviposition period in differently fed females 
of the fruit-feeding butterfly B. anynana 
(Geister et al. 2008). Nutrient types that are 
scarce or non-existent in adult food indeed 
seem to limit reproduction, causing it to 
decline to zero as juvenile stores are 
depleted (Boggs 1997b). For instance, 
nitrogen-rich pollen in the adult diet 
significantly prolonged lifetime fecundity 
and oviposition rate in female Heliconius 
charitonia butterflies (Dunlap-Pianka et al. 
1977). How- ever, the differing time patterns 
of   the   hatching   success   over   a   female’s 
oviposition period were not reflected in the 
quantitative analysis between treatment 
groups in C. pamphilus (Tables 1, 2). This 
seemingly contradictory finding could be 
caused by the fact that the potential to realize 
positive effects of nectar amino acids on 
female fecundity is truncated by the 
relatively short life span of C. pamphilus. 
This in turn may represent a life history 
strategy adapted to temperate, nutrient-poor 
habitats. It is, however, remarkable that C. 
pamphilus females show a resource 
allocation pattern which is more pronounced 
and more successful in longer lived 
butterflies living under more benign 
environmental conditions, such as Charaxes 
fulvescens (Molleman et al. 2008) or the 
tropical Heliconius butterflies (Dunlap- 
Pianka et al. 1977). 
Regarding allocation patterns of larval 
versus adult nutrients for reproduction, C. 
pamphilus is a nectar-feeding species with 
some mature eggs at emergence and 
therefore an intermediate type between 
‘capital’   and   ‘income’   breeder   (Boggs  
1997a, b; Casas et al. 2005). Our study 
reveals a remarkably differentiated resource 
use strategy of C. pamphilus. Egg number 
depended mainly on larval resources (Table 
2), but the significant effect of nectar diet 
quality on the number of eggs laid over 
female oviposition period (Table 3), and the 
significant interaction between adult and 
larval diet on the total number of eggs laid, 
also reveal slight effects of nectar amino 
acids. In contrast, only adequate adult 
resources (i. e. amino acid-rich nectar) 
increased   progeny’s   larval   hatching   mass  
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(Tables 1, 2; Figure 1) and could compensate 
for a decline in hatching success of eggs in 
C. pamphilus (Fig. 3). These results support 
the findings of Casas et al. (2005) in the 
ectoparasitoid Eupelmus vuilletti, indicating 
that a strict classification of breeding types, 
based on resource allocation of larval 
reserves versus adult incoming nutrient use, 
may be difficult, as different reproduction 
parameters and nutrient use are highly 
variable within a single species.  
 
Conclusions 
 
This study shows that the uptake of amino 
acids in floral nectar can enhance 
reproduction in female C. pamphilus 
butterflies. However, resource allocation of 
amino acids from adult diet in combination 
with nitrogen gained from the larval phase 
may affect female reproduction in different 
butterfly species in different ways. Thus, 
further work is required to clarify if and how 
amino acids gained from floral nectar and 
adult diet in general affect butterfly 
reproduction. Nevertheless, the results of the 
present study support previous findings 
suggesting a coevolutionary process between 
butterflies and flowers dependent on 
butterfly pollination. 
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Chapter 3 
 
Nectar amino acids enhance male butterfly reproduction 
 
Abstract 
 
After over 30 years of research, it was 
recently shown that nectar amino acids 
increase female butterfly fecundity. 
However, little attention has been paid to 
the effect of nectar amino acids on male 
butterfly reproduction. Here, we show that 
larval food conditions (nitrogen-rich vs. 
nitrogen-poor host plants) and adult diet 
quality (nectar with or without amino 
acids) affected the amount of consumed 
nectar in Coenonympha pamphilus males. 
Furthermore, amino acids in the nectar diet 
of   males   increased   progeny’s   larval  
hatching mass, irrespective of paternal 
larval reserves. Our study takes the whole 
reproductive cycle of male butterflies into 
account, and also considers the role of 
females in passing male nutrients to 
offspring,   as   males’   realized   reproduction  
was examined indirectly via nuptial gifts, 
by female performance. With this 
comprehensive approach, we demonstrate 
for the first time that nectar amino acids 
can improve male butterfly reproduction, 
supporting the old postulate that nectar 
amino acids generally enhance butterfly 
fitness. 
Keywords: Butterfly reproduction, Larval 
feeding, Lepidoptera, Pollination 
Introduction 
Floral nectar is the most common and 
widespread adult butterfly food source 
(Gilbert and Singer 1975), and provides 
sugars, water, minerals, and amino acids 
for pollinators (Ziegler 1956; Lüttge 1961; 
Baker and Baker 1986). Furthermore, 
female Heliconius butterflies can utilize 
amino acid-rich pollen (Gilbert 1972; 
Dunlap- Pianka  et  al.  1977;;  O’Brien  et  al.  
2003), and fruit-feeding Bicyclus anynana 
females can use amino acids from their 
adult diet to increase their reproduction 
(Bauerfeind and Fischer 2009; but see 
Bauerfeind and Fischer 2005). However, 
female butterflies of nectar-feeding species 
have for long been thought to be 
unaffected by nectar amino acids (Murphy 
1983; Moore and Singer 1987; Hill 1989; 
Hill  and  Pierce  1989;;  O’Brien  et   al.  2000;;  
Romeis and Wäckers 2002; Mevi-Schütz 
and Erhardt 2003), although butterfly-
pollinated flowers contain higher levels of 
amino acids than flowers that are 
pollinated, for instance, by bees (Baker and 
Baker 1986). Only recently, it has also 
been shown that nectar amino acids can 
increase female butterfly reproduction 
(Mevi-Schütz and Erhardt 2005; Cahenzli 
and Erhardt 2012a). In contrast, effects of 
nectar amino acids on male butterfly 
reproduction are unknown. 
The amount of acquired nitrogen is a key 
factor for fitness and reproduction in 
insects (Schoonhoven et al. 2006), and 
nitrogen is primarily acquired during the 
larval   phase   (Boggs   1997;;   O’Brien   et   al.  
2002). However, larval host plants often do 
not provide optimal amounts of nitrogen 
(Schoonhoven et al. 2006). To maximize 
fitness, nutrients are required in optimal 
levels   according   to   an   animal’s   stage   of  
development and current environmental 
circumstances (Simpson and 
Raubenheimer 1993). Furthermore, 
allocation patterns of nutrients at different 
developmental stages are not independent 
of each other, and the importance of larval 
reserves declines with increasing quality of 
adult nutrition (Boggs 2009). In 
Lepidoptera, spermatophores of males are 
an additional nutritional resource for 
females (Boggs and Gilbert 1979). 
However, spermatophores of Lepidoptera 
are a costly physiological product built 
from limited resources (Oberhauser 1988), 
and the common assumption that males 
have an almost unlimited reproductive 
capacity seems to be obsolete in 
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Lepidoptera (Lewis and Wedell 2007). 
This suggests that male butterflies have a 
demand for amino acid-rich food sources 
in their adult diet (e.g., floral nectar) in 
order to supplement larval resources for 
the production of spermatophores. 
Furthermore, radiotracer studies of several 
butterfly species demonstrated that amino 
acids acquired during male larval and adult 
feeding built into spermatophores can 
enhance female fitness and reproduction 
(Boggs and Gilbert 1979; Boggs and Watt 
1981; Boggs 1981; Wedell 1996; Wiklund 
et al. 1993; Karlsson 1998). Thus, male 
and female resource budgets can be linked 
via nuptial gifts transferred to females at 
mating (Boggs 2009). Hence, the role of 
female butterflies in passing male nutrients 
to offspring should be included in 
analyzing male butterfly reproduction. We 
therefore   examined   males’   realized  
reproduction indirectly via nuptial gifts, by 
female performance, in an analogous way 
as in a previous study (Cahenzli and 
Erhardt 2012b). This approach allowed for 
a more realistic assessment of male 
contributions to offspring than purely 
measuring male reproductive traits such as 
spermatophore mass or nitrogen content, as 
no relationship was found between 
ejaculate mass and protein content of 
ejaculates produced by Pieris rapae and P. 
brassicae males mating for the first time 
(Bissoondath and Wiklund 1996), and as 
spermatophore mass did not influence 
female reproductive output in several other 
butterfly species (Jones et al. 1986; 
Oberhauser 1989; Svärd and Wiklund 
1991; Ward and Landolt 1995) and was 
therefore not a clear indicator for realized 
fecundity. In addition, amino acids from 
spermatophores are not necessarily 
invested in egg production, but can also be 
incorporated into female somatic tissue 
(Boggs and Gilbert 1979; Boggs and Watt 
1981; Boggs 1981; Wedell 1996; Wiklund 
et al. 1993). Nevertheless, spermatophore 
quality can affect the amount of females’  
nitrogen put into reproduction (Wedell 
1996). 
Given the many indications that male 
butterflies may benefit from additional 
amino acids in their adult diet due to 
significant investments in reproduction, the 
objective of the present study was to 
investigate effects of nectar amino acids on 
the reproduction of male butterflies, taking 
into account male larval reserves and 
influences of females on passing male 
nutrients to offspring. We expected that 
adding amino acids in the adult diet of 
males enhances male and female fitness, 
and that this effect is more pronounced in 
males emerging with little larval reserves. 
 
Materials and methods 
Study species 
 
The small heath butterfly, Coenonympha 
pamphilus L. (Lepidoptera: Satyrinae), 
occurs in unfertilized to lightly fertilized 
grasslands (Lepidopterologen-
Arbeitsgruppe 1987). Larvae feed on a 
variety of grasses differing in nutritional 
quality (Goverde and Erhardt 2003), and 
varying resources from the larval phase 
may therefore be common in this species. 
We considered C. pamphilus as an 
appropriate study species to measure 
effects of nitrogen on reproduction for 
several reasons. First, nitrogen acquired 
during the whole life cycle can affect 
reproduction. Second, C. pamphilus 
females emerge with only 5–13 % mature 
eggs of their total potential egg number 
(Goverde et al. 2002; Goverde and Erhardt 
2003). Thus, females of this species seem 
to have a particularly high potential to 
utilize male-derived nutrients from nuptial 
gifts for egg production. Third, C. 
pamphilus females can use nectar amino 
acids to increase their reproductive success 
(Cahenzli and Erhardt 2012a). However, 
C. pamphilus is monandrous (Wickman 
1985) and males of polyandrous species 
invest more in spermatophores (Svärd and 
Wiklund 1989) and may therefore seem 
more appropriate to study effects of male-
derived nutrients for female fitness. On the 
other hand, C. pamphilus males with their 
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own territories can copulate as many as 
four times more than non-resident males 
(Wickman 1985), therefore incurring non-
trivial costs in producing ejaculates (Svärd 
1985), and females of most butterfly 
species mate only once or just one to two 
times during their lifetime (Ehrlich and 
Ehrlich 1978; Svärd and Wiklund 1989). 
The butterflies used in this experiment 
originated from 16 C. pamphilus females 
caught on an unfertilized meadow in the 
northern Jura mountains (Liesberg BL, 
Switzerland). 
 
Plant material 
 
Larval food plants Festuca rubra were 
grown in 750-ml plastic pots filled with 
untreated calcareous soil from the 
butterfly’s  origin  place.  Plants  were  grown  
in a greenhouse at the University of Basel 
with supplement sunlight (1,000 W broad 
spectrum, light period from 0600 to 2000 
hours) during cloudy weather conditions 
and a day/ night cycle of 25 °C/19 °C. All 
pots were watered when necessary. High-
quality larval food plants were obtained by 
fertilizing half the pots once a week with 
50 ml Algoflash (N:P:K = 1:1:1; 
Laboratoire Algochemie Z.I. Nord, 
Chateau-Renault, France). The low-quality 
larval food plants received only water. 
Prior to introducing the larvae, dry leaves 
(drying by 80 °C for 48 h) were ground for 
leaf nitrogen (N) analysis using a CHN 
analyser (LECO instruments, model 1932; 
St. Joseph, MI, USA). 
 
Larval rearing 
 
To account for possible nitrogen 
allocation patterns from larval to the adult 
stage, and to test whether larval reserves 
influence potential effects of nectar amino 
acids on male reproduction, the nitrogen 
level in larval food was controlled by 
rearing larvae on high-quality or low-
quality host plants. Male larvae from the 
16 ovipositing females were randomly 
assigned to either the high- or low-quality 
larval host plants, and were reared 
separately in order to later trace back each 
butterfly to the ovipositing female 
(lineage). After 2 weeks, larvae were 
separated and kept individually in Petri 
dishes. We reared unsexed larvae on high- 
and low-quality host plants and used only 
females raised on low-quality larval food 
to minimize effects of female nutritional 
conditions. Females raised on high-quality 
plants were released. The larvae continued 
to receive their assigned larval food quality 
diet. The high-quality larval food group 
received an abundant supply of fertilized 
F. rubra ad libitum, whereas the low-
quality larval food group was reared on 
unfertilized host plants. To prevent 
compensatory feeding of the low-quality 
larval group, last instar larvae received a 
limited quantity of unfertilized host plants 
(ca. 50 % of the amount of the high-quality 
larvae). Measuring the amount and quality 
of available food in the low-quality feeding 
treatment is necessary to avoid 
overestimating effects of a low nitrogen 
level in host plants (Carvalho et al. 2005). 
 
Butterfly diet 
 
Males were kept in plastic boxes (0.6 l), 
whereas females were placed in individual 
nylon mesh cages (20 cm 9 20 cm 9 40 
cm). Male butterflies from the high- and 
low-quality larval food groups were 
randomly assigned to a nectar diet 
treatment consisting either of a nectar 
mimic with amino acids (AA), or without 
amino acids (NAA). Females were fed 
with nectar without amino acids to 
minimize effects of female nutritional 
conditions. Male butterflies were fed three 
times before they were allowed to mate 
once with an unrelated female. All 
butterflies were fed by hand (Cahenzli and 
Erhardt 2012a, b). Four treatment groups 
resulted: high-quality larval food and adult 
diet with amino acids (high/AA, n = 14), 
high-quality larval food and adult diet 
without amino acids (high/NAA, n = 19), 
low-quality larval food and adult diet with 
amino acids (low/AA, n = 17) and low-
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quality larval food and adult diet without 
amino acids (low/NAA, n = 22). 
A nectar mimic of the plant Lantana 
camara was used in this experiment. 
Although this plant does not naturally 
occur in the habitat of C. pamphilus, it was 
used in several former studies (Alm et al. 
1990; Mevi-Schütz et al. 2003; Mevi-
Schütz and Erhardt 2003, 2005; Cahenzli 
and Erhardt 2012a). The nectar mimic of 
the group fed without amino acids 
contained only sucrose, glucose, and 
fructose, whereas the diet of the amino 
acid-fed group corresponded to the 
complete nutrient spectrum of L. camara 
nectar, additionally containing nonessential 
and essential amino acids (for exact 
composition, see Alm et al. 1990). 
Preliminary experiments showed that C. 
pamphilus butterflies rejected a daily 
feeding (Cahenzli and Erhardt 2012a, b). 
We therefore fed the butterflies their 
respective nectar diet every second day and 
allowed them to consume nectar until they 
voluntarily left the feeding station. The 
butterflies did not recognize the artificial 
feeding station as a natural nectar source. 
We therefore placed the butterflies beside 
the nectar-filled tube and dipped the rolled 
out proboscis with the help of a needle into 
the nectar mimic to initiate feeding. To 
measure the amount of nectar consumed 
we used a 100-ll Hamilton syringe. 
 
Reproductive parameters 
 
Butterflies were weighed within 24 h 
after emerging, and the longevity of each 
butterfly was recorded (number of days 
from hatching out of the pupa to death). 
We counted and collected all eggs of every 
single female every day. Eggs were placed 
in Petri dishes covered with nylon mesh 
until the larvae hatched. 
Progeny’s  egg  duration   (number  of  days  
from when the egg was laid to eclosion), 
hatching success of eggs (number of eggs 
hatched per butterfly), and larval hatching 
mass of offspring (mg) were recorded for 
all eggs collected from each butterfly. 
Freshly hatched larvae were weighed 
within 24 h. 
 
Statistical analysis 
 
Males’   larval   development   and  
reproductive traits were analyzed with 
mixed-effects models (Table 1) (Crawley 
2007).   Males’   larval   development   was  
tested against the categorical variable 
larval food quality (low, high) and the 
factor lineage. Larval duration was logn 
transformed. 
The reproductive traits were tested 
against the categorical variables larval 
food quality (low, high) and nectar amino 
acid diet (AA/NAA), the continuous 
covariates male and female emergence 
mass and the average amount of nectar 
consumed per feeding by male butterflies, 
and the factor lineage (Table 1). Male 
longevity, egg hatching success and egg 
duration were analyzed with generalized 
linear mixed-effects models due to non-
normal data structure (Crawley 2007). The 
average amount of nectar mimic consumed 
was tested against the categorical variables 
larval food quality and nectar diet and the 
continuous covariate male emergence 
mass. To test if males fed with amino acid-
rich nectar consumed more nectar than 
males fed nectar lacking amino acids, 
irrespective of male emergence mass, the 
continuous   variable   ‘amount   of   consumed 
nectar’   was   divided   by   male   emergence  
mass and analyzed with a two-sided t test. 
Furthermore, a mixed-effects model with 
temporal pseudoreplication (repeated 
measures on the same females) was used to 
test if larval hatching mass changed over 
female oviposition period (Crawley 2007). 
The model used day of oviposition and 
individual  and  males’   larval  and  adult  diet 
as factors. 
There was no significant difference in 
average amount of nectar mimics 
consumed among females paired with 
males from different treatment groups 
(F1,52 = 1.03, P = 0.4). Therefore, the 
continuous   variable   females’   amount   of  
consumed nectar was not incorporated in  
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the analyses of reproductive parameters. A 
stepwise model reduction was employed, 
with the least significant inter- action 
always removed first (Crawley 2007). 
Two-sided t tests were performed between 
treatment groups. 
Correlation analysis was used to examine 
if female emergence mass affected total 
number of eggs laid and longevity 
positively or negatively, and to 
characterize the relationship between 
longevity and the average amount of 
consumed nectar. We also used correlation 
analysis to detect a possible trade-off 
between the total number of eggs laid and 
progeny’s   larval   hatching mass. All 
statistical analyses were calculated with R 
Statistical Software (v.2.9.1; R 
Development Core Team 2009). 
 
 
 
 
 
Results 
Male larval development 
 
Fertilized larval host plants (6.80 ± 0.07 
g N / 100 g dry weight) had a significantly 
higher nitrogen content than unfertilized 
plants (5.35 ± 0.18 g N / 100 g dry weight, 
t19.94= 7.59, P < 0.001). Larval host plant 
quality significantly affected larval 
duration of males (F1,55 = 96.66, P < 
0.001), whereas lineage had no significant 
effect (F1,13 = 0.03, P = 0.9). Males reared 
on high-quality host plants had a 
significantly shorter larval duration (27.12 
± 3.31 days) than males reared on low-
quality host plants (37.51 ± 5.74 days, t = 
9.62, N = 72, P < 0.001). 
Male emergence mass was significantly 
affected by larval diet quality (F1,55 = 
27.72, P < 0.001), but lineage had no 
significant effect (F1,13 = 0.001, P > 0.99). 
Males reared on high-quality host plants 
had a significantly higher emergence mass 
(25.66 ± 5.16 mg) than males reared on  
 
 
Table 1: Effects of larval diet quality (larval), male emergence mass (♂  EM), nectar quality (nectar), 
amount of consumed nectar (amount), lineage (L) and female emergence mass (♀  EM) on 
reproduction of male Coenonympha pamphilus butterflies. F values, P values and the effect size (R) 
are presented 
  larval ♂  EM nectar amount L ♀  EM Effect direction 
Egg number 
(df = 52) 
F 0.80 0.06 1.89 0.003 2.32 5.02 Heavy ♀  >  Light  ♀ 
P 0.37 0.80 0.18 0.96 0.15 0.03  
R 0.12 0.03 0.19 0.01 0.39 0.30  
Egg duration 
(df = 52) 
F 4.29 0.45 0.23 0.07 0.38 0.33 High > Low 
P 0.04 0.63 0.96 0.80 0.55 0.57  
R 0.19 0.09 0.01 0.07 0.21 0.11  
Egg hatching 
success 
(df = 52) 
F 1.03 0.65 3.54 1.30 0.35 0.31  
P 0.31 0.42 0.066 0.26 0.56 0.58  
R 0.14 0.12 0.14 0.18 0.21 0.10  
Larval hatching 
mass 
(df = 52) 
F 1.15 0.19 4.60 0.72 0.09 1.35 AA > NAA (until 
day 6 of oviposition 
period) 
P 0.29 0.66 0.037 0.40 0.76 0.25 
R 0.14 0.06 0.28 0.12 0.08 0.16 
Amount 
(df = 54) 
F 61.22 0.22 5.80 - 0.15 - High > Low,  
AA > NAA P <0.001 0.64 0.019 - 0.70 - 
R 0.73 0.06 0.31 - 0.11 -  
♂  Longevity 
(df = 53) 
F 1.87 0.33 0.18 3.42 0.76 -  
P 0.18 0.57 0.67 0.074 0.40 -  
R 0.18 0.08 0.06 0.25 0.23 -  
Note: Larval diet is high-quality (High) versus low-quality (Low) and nectar is containing amino 
acids (AA) or lacking amino acids (NAA). R =  √(F)  (√(F+df))-1. Lineage (df = 13). 
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Table 2: Treatment means of reproductive parameters for Coenonympha pamphilus butterflies. 
 Low/NAA Low/AA High/NAA High/AA 
Egg number 74.05 ± 34.82 57.53 ± 36.72 73.42 ± 24.33 74.36 ± 23.44 
Egg duration (days) 5.99 ± 0.32 6.06 ± 0.29 6.27 ± 0.41 6.26 ± 0.33 
Egg hatching success 0.92 ± 0.06 0.90 ± 0.18 0.90 ± 0.13 0.86 ± 0.17 
Larval hatching mass 
(mg) 0.182 ± 0.016 0.193 ± 0.019 0.180 ± 0.023 0.187 ± 0.023 
♂  Nectar  
consumption (µl) 4.61 ± 0.74 4.89 ± 0.63 6.21 ± 1.17 7.00 ± 1.40 
♂  longevity  (days) 18.73 ± 10.46 18.79 ± 13.53 23.23 ± 15.05 18.33 ± 9.77 
♀  longevity  (days) 17.63 ± 9.01 15.40 ± 9.50 18.80 ± 7.19 18.14 ± 5.72 
Note: Male butterflies were raised on a low- or high-quality larval diet ('Low' and 'High', respectively) and fed 
a nectar mimic with (AA) or without (NAA) amino acids and were mated once with an unrelated female reared 
on low-quality host plants fed with nectar lacking amino acids (means ± SE). 
 
low-quality host plants (20.10 ± 4.28 mg, t 
= 5.51, N = 72, P < 0.001). 
 
Male reproduction 
 
Total number of eggs laid was 
significantly affected by female emergence 
mass,   whereas   male’s   nectar   quality,  
male’s  larval  food  quality,  male  emergence  
mass,   the   average   amount   of   male’s  
consumed nectar and lineage had no 
significant effect (Table 1, 2). Heavier 
females laid more eggs than lighter 
females (r = 0.30, N = 72, P = 0.02).  
Progeny’s   egg   duration   was   not 
significantly  affected  by  male’s  nectar  diet  
quality,   male   emergence   mass,   male’s  
average amount of nectar mimic 
consumed, female emergence mass or 
lineage,  whereas  male’s  larval  food  quality  
had a significant effect (Table 1, 2). Egg 
duration of progeny descending from 
males that had been reared on high-quality 
host plants (6.25 ± 0.07 days) was 
significantly longer than from males that 
had been reared on low-quality host plants 
(6.02 ± 0.05 days, t = 2.89, N = 72, P = 
0.005). 
Hatching success of eggs was not 
significantly   influenced   by   male’s   larval  
food  quality,  male  emergence  mass,  male’s  
average amount of nectar mimic 
consumed, female emergence mass or 
lineage,  whereas  male’s  nectar  diet  quality  
had a marginal effect (Table 1, 2). 
However, there was no significant 
difference between hatching success of 
eggs of females mated to males fed with 
nectar containing (0.88 ± 0.03) or lacking 
amino acids (0.91 ± 0.02, t = 0.94, N = 72, 
P = 0.35).   
Nectar diet quality of males had a 
significant effect on progeny’s   larval  
hatching  mass,  whereas  male’s   larval   food  
quality,   male   emergence  mass,   the   males’  
average amount of consumed nectar, 
female emergence mass and lineage had no 
significant effect (Table 1, 2). Females 
mated to males fed with amino acid-rich 
nectar produced marginally heavier larvae 
(0.190 ± 0.004 mg) than females mated to 
males fed with nectar lacking amino acids 
(0.181 ± 0.003 mg, t = 1.84, N = 72, P = 
0.07). Mixed-model analysis with temporal 
pseudoreplication showed a significant 
effect of day of oviposition on the time 
pattern  of  progeny’   s   larval   hatching  mass  
(t = 15.73, N = 72, P < 0.001), whereas 
adult diet had a marginal effect (t = 1.93, 
N = 72, P = 0.058). Individual (t = 0.40, N 
= 72, P = 0.69) and larval diet (t = 0.68, N 
= 72, P = 0.50) had no significant effect. 
During the first six days of female 
oviposition period, larvae descending from 
males fed with amino acid-rich nectar 
(0.195 ± 0.004 mg) were significantly 
heavier than larvae descending from males 
fed with nectar lacking amino acids (NAA: 
0.186 ± 0.003 mg, t = 2.01, N = 72, P = 
0.049), whereas there was no difference 
after day six (AA: 0.175 ± 0.004 mg, 
NAA: 0.174 ± 0.004 mg, t = 0.12, N = 72, 
P = 0.91, Figure 1). There was no trade-off 
between   number   of   eggs   and   progeny’s  
larval hatching mass in the offspring of 
males fed high-quality larval food (r = 
0.11, N = 33, P = 0.55), whereas there was 
a marginal trade-off in the offspring of  
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Figure 1 
 
 
Fig. 1 Mixed-model analysis with temporal 
pseudoreplication showed a significant effect 
of day of oviposition on time patterns of 
progeny’   s   larval   hatching   mass   in  
Coenonympha pamphilus (t = 15.73, N = 72, P 
< 0.001). During the first six days of female 
oviposition period, larvae descending from 
males fed with amino acid-rich nectar were 
significantly heavier than larvae descending 
from males fed with nectar lacking amino 
acids (t = 2.01, N = 72, P = 0.049), whereas 
there was no difference after day six (t = 0.12, 
N = 72, P = 0.91).   
 
males that had been reared on low-
quality host plants, since females that 
produced lighter larvae tended to lay more 
eggs (r = 0.57, N = 39, P = 0.06). 
Male’s   nectar   consumption   was   not  
significantly affected by male emergence 
mass   and   lineage.   Male’s   larval   food  
quality and nectar diet quality had a 
significant effect on nectar consumption 
(Table 1, 2). Males that had been reared on 
high-quality larval host plants (6.55 ± 0.23 
μl)  consumed  significantly  more  nectar per 
feeding than males that had been reared on 
low-quality  host  plants  (4.73  ±  0.11  μl, t = 
7.74, N = 72, P < 0.001), and males 
consumed significantly more amino acid-
rich  nectar  (0.28  ±  0.01  μl  nectar  /mg  body  
mass) than nectar lacking amino acids 
(0.24  ±   0.01  μl   nectar   /mg  body  mass, t = 
2.54, N = 72, P = 0.014). 
Longevity of male butterflies was not 
significantly affected by nectar diet 
quality,   male’s   larval   food   quality,  
emergence mass or lineage, whereas the 
average amount of consumed nectar mimic 
had a marginal effect (Table 1, 2). 
However, there was no correlation between 
average amount of consumed nectar mimic 
and longevity (r = -0.16, N = 72, P = 0.30). 
Longevity of female butterflies was 
influenced by female emergence mass 
(F1,52 = 6.22, P = 0.017); emergence mass 
and longevity were positively correlated (r 
= 0.37, N = 72, P = 0.003), since heavier 
females lived longer than lighter females. 
Male’s   adult   nectar   diet   quality   (F1,52 = 
2.07, P = 0.16), male emergence mass 
(F1,52 = 2.40, P = 0.13),  the  male’s  average 
amount of nectar mimic consumed (F1,52 < 
0.01, P = 0.95) and lineage (F1,52 = 1.32, P 
=   0.27)   had   no   significant   effect.   Male’s  
larval food quality had a marginal effect on 
female longevity (F1,52 = 2.99, P = 0.09); 
females mated with males that had been 
reared on high-quality larval host plants 
tended to live longer than females mated 
with males that had been reared on low-
quality larval host plants. 
 
Discussion 
Effects of larval food conditions on male 
butterfly reproduction 
 
In this experiment, larval food quality 
significantly affected male emergence 
mass, but had no significant effects on the 
total  number  of  eggs  laid,  progeny’s  larval  
hatching mass, and hatching success of 
eggs (Table 1), suggesting that resources 
acquired during the larval phase play only 
a limited role for male reproduction in C. 
pamphilus. In contrast, initial 
spermatophore mass was related to male 
emergence mass in other butterfly species 
(Oberhauser 1988; Bissoondath and 
Wiklund 1996; but see Svärd 1985). 
However, larval food conditions 
significantly   affected   males’   larval  
duration and emergence mass, and by 
hatching earlier and with a larger body 
size, the probability of occupying a 
territory increases, resulting in higher 
mating success, since larger males in 
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territories mate significantly more often 
than males without a territory (Wickman 
1985). Thus, larval food conditions may 
still have fitness-relevant effects. 
Males’   larval   food   quality   significantly  
affected nectar consumption (Table 1), and 
heavier males consumed more nectar than 
lighter males. Bigger males can ingest 
more food per feeding, and a bigger body 
size requires more energy for somatic 
maintenance. But larval food quality of 
males also affected their nectar 
consumption independently from 
emergence mass, indicating that larval and 
adult feeding in holometabolous insects are 
interconnected (Boggs 1997). 
We did not find a trade-off between the 
number   of   eggs   and   progeny’s   larval  
hatching mass in females mated with males 
fed high-quality larval food, whereas a 
marginal trade-off appeared in females 
mated with males that had been reared on 
low-quality larval host plants, since 
females that laid more eggs tended to 
produce lighter larvae, indicating a lower 
spermatophore quality or a reduced 
nutrient quantity in spermatophores 
secreted by males that had been reared on 
low-quality larval host plants. Resource 
allocation differs under unconstrained, 
benign conditions and stressful, resource-
poor environments (Boggs 2009). 
 
Effects of nectar amino acids on male 
butterfly reproduction 
 
Male reproductive success is influenced 
not only by larval resources but also by 
adult food conditions (Cahenzli and 
Erhardt 2012b). In our study, hatching 
mass of larvae descending from males fed 
with amino acid-rich nectar was increased 
during the first 6 days of female 
oviposition period. It is likely that males 
used nectar amino acids to enhance 
spermatophore quality, and that females 
reacted to better spermatophore quality by 
increasing larval hatching mass. However, 
larval hatching mass did not differ 
anymore between treatment groups (AA 
vs. NAA) after day 6 of the female 
oviposition period, suggesting that females 
had depleted potential male resources 
(Figure 1). Previous studies showed that 
female butterflies can incorporate male-
derived nutrients almost immediately into 
eggs (Boggs and Gilbert 1979; Boggs and 
Watt 1981; Boggs 1997). However, C. 
pamphilus males transfer relatively small 
ejaculates, corresponding to a mere 1.5 % 
of male body mass (Svärd and Wiklund 
1989). The present findings are all the 
more relevant because they show that 
nectar-derived nutrients can improve male 
reproductive success even in a species 
where males deliver small nuptial gifts, 
documenting a nutritional pathway likely 
also present in other butterfly species 
producing bigger spermatophores than C. 
pamphilus and potentially relying more on 
nuptial gifts. 
Several previous studies with other 
butterfly species showed benefits of 
increased egg and larval size (Murphy et 
al. 1983; Braby 1994; Fischer et al. 2003, 
2006; Seko and Nakasuji 2004; but see 
Wiklund and Persson 1983; Wiklund and 
Karlsson 1984). C. pamphilus females like 
other Satyrid butterflies often lay their 
eggs on unfavorable plant material, and 
freshly hatched larvae must find better host 
plants (Wiklund 1984). In general, larger 
hatchling larvae can travel longer 
distances, thereby increasing the likelihood 
to find appropriate larval food plants 
(Murphy et al. 1983). Thus, floral nectar 
amino acids in butterfly diet may increase 
the reproductive success of males by 
inducing heavier larval hatching mass of 
offspring. 
In a previous study, Lederhouse et al. 
(1990) found that a combination of 
electrolytes and amino acids enabled males 
of Papilio glaucus to produce more 
offspring than control males. However, 
actual effects of amino acids on offspring 
were not tested in that study. Furthermore, 
Beck (2007) found that males of some 
tropical butterfly species fed an amino 
acid-rich sucrose solution lived 
significantly longer. However, the amino 
acid concentration used in that study was 
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at an unnatural high level, and the amount 
of consumed nectar was not measured. 
In nectar preference tests carried out so 
far, C. pamphilus males did not 
discriminate between nectar containing or 
lacking amino   acids   (Mevi-Schu  ̈tz   et   al.  
2003). In the present study, nectar quality 
significantly affected nectar consumption 
(Table 1), and males fed amino acid-rich 
nectar consumed significantly more nectar 
than males fed with nectar without amino 
acids, showing a latent preference in males 
for amino acids in their adult diet. It is 
likely that the increased nectar 
consumption was caused by a tendency to 
achieve the optimal quantity of nitrogen 
for maximizing fitness (Simpson and 
Raubenheimer 1993). However, males 
increasing their amount of consumed 
amino acid-rich nectar also ingested more 
carbohydrates, and female butterflies can 
also use nitrogen from other sources to 
synthesize non-essential amino acids with 
nectar  carbohydrates  (O’Brien  et  al.  2002). 
As in a previous study (Cahenzli and 
Erhardt 2012b), the number of eggs 
produced was not significantly affected by 
any of the measured male reproductive 
parameters (Table 1). C. pamphilus 
females obviously used male-derived 
nutrients   primarily   to   increase   progeny’s 
larval hatching mass rather than for 
increasing offspring number (Table 2; 
Cahenzli and Erhardt 2012b). In contrast, 
female larval reserves clearly affected egg 
number (Table 1; Cahenzli and Erhardt 
2012a, b). Thus, nutrients acquired in the 
larval stage are also used as reproductive 
endowment for oocytes, as also, e.g., in 
Heliconius charitonius (Dunlap-Pianka 
1979). 
Our study shows for the first time that 
nectar amino acid uptake during the adult 
phase has fitness relevant effects for male 
reproduction, and that adult feeding does 
not only cover energy requirements for 
general maintenance, including flight 
expenditure (Willers et al. 1987). Thus, the 
results of the present study support 
previous findings suggesting a co-
evolutionary pollination process between 
butterflies and flowers. 
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Chapter 4 
 
 
Nectar sugars enhance fitness in male Coenonympha pamphilus butterflies by 
increasing longevity or realized reproduction 
 
Abstract 
 
The principal components of floral nectar 
are water and the sugars sucrose, fructose 
and glucose. Several studies have shown the 
importance of nectar sugars for female 
butterfly fecundity, whereas to date little 
attention has been paid to the effect of nectar 
sugars on male butterfly reproduction. Clear 
evidence for an effect of nectar sugars on 
male realized reproductive success is still 
missing. 
In this study, we fed male Coenonympha 
pamphilus butterflies nectar mimics with 
low (5%), medium (20%) or high (30%) 
total sugar concentrations with a 
sucrose:glucose:fructose ratio of 2.7:1.1:1. 
Sugar solutions were made mimicking 
Knautia arvensis, an essential nectar plant 
for C. pamphilus and many other European 
butterflies. Realized male reproductive 
success for each treatment was measured 
indirectly via nuptial gifts, by recording 
reproductive parameters and by 
characterizing time patterns over the 
oviposition period of their female partner.  
Male butterflies fed high-concentrated 
nectar sugars had a longer lifespan than 
males fed low-concentrated nectar sugars. In 
contrast, offspring of males fed medium-
concentrated nectar sugars had a higher 
hatching mass than progeny of males fed 
low-concentrated nectar sugars, indicating a 
trade-off between somatic maintenance and 
reproduction in the use of nectar sugars. 
Thus, allocation patterns of nectar sugars 
differed according to sugar concentrations in 
adult food. 
The method used in this experiment took 
into account the indispensable role of female 
butterflies in passing male nutrients to 
offspring. With this comprehensive 
approach, we can show the general 
importance of nectar sugars for male 
butterfly fitness and support previous 
findings suggesting a coevolutionary process 
between butterflies and flowers dependent 
on butterfly pollination. 
 
Keywords: butterfly reproduction; 
Lepidoptera; pollination; resource allocation 
 
Introduction 
 
Floral nectar is the most common and 
widespread adult butterfly food source 
(Gilbert and Singer 1975). In contrast to the 
protein-rich larval diet, nectar is composed 
mainly of sugars, although other nectar 
constituents, in particular amino acids, can 
also play an important role for butterfly 
fitness (Watt et al. 1974; Baker and Baker 
1983;;  O’Brien  et  al.  2004;;  Mevi-Schütz and 
Erhardt 2005). The concentration and 
composition of nectar sugars varies greatly 
between different plant species, but sucrose, 
fructose and glucose are the three main 
sugars found in nectar (Baker and Baker 
1983). The sucrose: hexoses ratio in floral 
nectar correlates with different pollinator 
types, and butterfly-pollinated flowers have 
high proportions of sucrose in their nectar 
(Baker and Baker 1983). Correspondingly, 
butterflies seem to generally prefer sucrose 
over fructose and glucose as shown in 
several preference tests (Erhardt 1991,1992; 
Rusterholz and Erhardt 1997). However, 
demands for nectar may vary between 
different butterfly species due to different 
energy and nutritional needs (Boggs 1997).  
In Lepidoptera, one role of adult feeding is 
to cover energy requirements for general 
maintenance. For example, sucrose is used 
as fuel for flying (Willers et al. 1987; 
O’Brien   1999),   and   nectar   sugars   influence  
longevity (Murphy et al. 1983). The 
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remaining sugars, those carried over from 
the larval stage and those acquired as adults, 
can be utilized in reproduction. Several 
studies have shown the importance of nectar 
sugars on female butterfly fecundity (Norris 
1935; Stern and Smith 1960; Murphy et al. 
1983;;   O’Brien   et   al.   2004).   In   contrast,   to  
date little attention has been paid to the 
effect of nectar sugars on male butterfly 
reproduction.  
Many insects have a mating system where 
the male transfers nutrients in 
spermatophores to the female during mating, 
often referred to as 'nuptial gifts' (Thornhill 
and Alcock 1983). Spermatophores of 
Lepidoptera can be quite large (Rutowski et 
al. 1983). Since butterfly spermatophores 
contain water, sugars, lipids, hydrocarbons, 
amino acids, hormones, and sperm 
(Marshall 1982, 1985), they are a costly 
physiological product composed of limited 
resources (Svärd 1985; Svärd and Wiklund 
1986; Oberhauser 1988, Ferkau and Fischer 
2006).  
Furthermore, radiotracer studies 
demonstrated that female butterflies use 
sugars from the spermatophore for both egg 
production and incorporation into somatic 
tissue (Boggs 1997). This suggests that 
nectar sugars may also have an effect on 
male butterfly reproduction. Adult food 
limitation reduced the longevity and tended 
to reduce fresh and dry mass of 
spermatophores in Pieris napi and Bicyclus 
anynana (Ferkau and Fischer 2006). In 
contrast, P. rapae males fed on a 25% sugar 
solution showed neither negative effects of 
mating history, nor on the mass or protein 
content of ejaculates (Bissoondath and 
Wiklund 1996). So far, only one study has 
investigated the effect of varying sucrose 
concentrations on male reproductive output 
of nectar-feeding butterflies, reporting a 
positive relationship between the amount of 
sucrose ingested and the weight of the 
spermatophore ejaculated by virgin males 
(Watanabe and Hirota 1999). However, 
spermatophore mass is not a clear proof for 
realized male fecundity. For instance, 
neither total lipids, nor hydrocarbons 
(organic compounds consisting of chain 
lengths from C-21 to C-37) were related to 
spermatophore mass in Pseudaletia 
unipuncta (Marshall and McNeil 1989), and 
Bissoondath and Wiklund (1996) found no 
relationship between ejaculate mass and 
protein content of ejaculates produced by P. 
rapae and P. brassicae males mating for the 
first time. Furthermore, spermatophore mass 
did not influence female reproductive output 
in Euphydryas editha, E. chalcedona (Jones 
et al. 1986), Danaus plexippus (Oberhauser 
1989), Papilio machaon (Svärd and 
Wiklund 1991) and Trichoplusia ni (Ward 
and Landolt 1995). In addition, nutrients 
invested   into   male’s   spermatophores   and  
realized reproduction are not strictly equal, 
as amino acids from spermatophores can 
also be partially incorporated into female 
somatic tissue (Boggs 1997; Wedell 1996; 
Wiklund et al. 1993). 
The objective of the present study was to 
investigate the effect of nectar sugars with a 
natural sucrose:glucose:fructose ratio and 
concentration on the longevity and the 
realized fecundity of male Coenonympha 
pamphilus butterflies via nuptial gifts. 
Rather than just measuring spermatophore 
mass, we measured the actual realized 
fecundity via female performance. This 
method takes the indispensible role of 
female butterflies into consideration and 
demonstrates how the male investment 
affects realized fecundity. Furthermore, the 
male butterflies were fed a true nectar mimic 
rather than just sucrose, resulting in more 
natural conditions than previous 
experiments. We expected that high nectar 
sugar concentrations benefit primarily 
male’s  somatic  maintenance  and  accordingly  
increase male butterfly longevity, but that 
nectar   sugars   could   also   affect   males’  
realized reproduction.  
 
Material and methods 
 
Study species 
 
The small heath C. pamphilus L. 
(Lepidoptera: Satyrinae) is found on 
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different meadow types (Lepidopterologen-
Arbeitsgruppe 1987) and is a common 
butterfly in Eurasia. We considered C. 
pamphilus as an appropriate study species, 
because females emerge with only 5-13% 
mature eggs of their total potential egg 
number (Goverde, Erhardt and Niklaus 
2002; Goverde & Erhardt 2003). Thus, C. 
pamphilus females seem to have a 
particularly high potential to utilize male 
derived nutrients from nuptial gifts for egg 
production. On the other hand, C. pamphilus 
is monandrous and males of polyandrous 
species have a higher capacity for producing 
big ejaculates than males of monandrous 
species (Svärd and Wiklund 1989). 
However, C. pamphilus males occupying a 
territory can copulate even four times more 
than non-resident males (Wickman 1985), 
incurring non-trivial costs in producing 
ejaculates (Svärd 1985). Furthermore, 
monandry is a common mating strategy in 
butterflies and females of most butterfly 
species mate only once or just two to three 
times during their lifetimes (Ehrlich & 
Ehrlich 1978; Svärd and Wiklund 1989), 
suggesting that monandrous mating systems 
are well adapted. Hence, investigating a 
monandrous species as a first step is a 
conservative approach, and further 
investigations with polyandrous species may 
even show more pronounced effects on 
reproduction. 
Seven C. pamphilus females were 
collected from an unfertilized meadow in the 
northern Jura Mountains (Nenzlingen BL, 
Switzerland, 47° 26′ 56″ N, 7° 33′ 48″ E) 
and kept in cages (20 cm x 20 cm x 40 cm) 
for oviposition. Eggs were carefully 
collected (we decided to cut the netting to 
collect the eggs in order to minimize egg 
handling, as females laid their eggs directly 
on the cage netting) and placed in Petri 
dishes. 
 
Butterfly treatment 
 
Larvae were raised on Festuca rubra host 
plants (seeds from UFA Samen Basel, 
Switzerland), grown on natural nutrient-poor 
soil (Plantania Ansaaterde). Pupal weight, a 
measure for nutrient reserves accumulated 
during larval stage, was recorded five days 
after pupation (Mettler Toledo Ab 204-S, 
Mettler Instruments, Switzerland). Hatched 
males were kept in plastic boxes (0.6 l), 
whereas females were placed in individual 
nylon mesh cages. 
Male butterflies were randomly assigned 
to a nectar diet treatment consisting either of 
a nectar mimic with 30% (high), 20% 
(medium), or 5% (low) total sugar 
concentration (weight of sugar to total 
weight of nectar) and were fed three times 
before they were allowed to mate once with 
an unrelated, freshly emerged female. 
Females were fed medium-concentrated 
nectar, as direct effects from high-
concentrated nectar could have masked 
potential effects from male-derived 
nutrients, and low-concentrated nectar could 
have limited female reproduction. Three 
female treatment groups resulted: Females 
mated to males fed with high-concentrated 
nectar (high, N = 14), with medium-
concentrated nectar (medium, N = 11) and 
with low-concentrated nectar (low, N = 13).  
In this experiment, we used a nectar mimic 
of the plant Knautia arvensis, an important 
nectar plant for C. pamphilus as well as for 
other butterflies in Swiss Jura Mountains. 
The nectar mimic contained sucrose (high-
quality 242.24 g sucrose per 1000 g water, 
medium-quality 141.30 g sucrose per 1000 g 
water, low-quality 29.75 g sucrose per 1000 
g water), glucose (high-quality 97.60 g 
glucose per 1000 g water, medium-quality 
56.94 g glucose per 1000 g water, low-
quality 11.99 g glucose per 1000 g water) 
and fructose (high-quality 88.73 g fructose 
per 1000 g water, medium-quality 51.76 g 
fructose per 1000 g water, low-quality 10.90 
g fructose per 1000 g water) in a 
sucrose:glucose:fructose ratio of 2.7:1.1:1 
(Rusterholz and Erhardt 1998), but no amino 
acids, since nectar amino acids can enhance 
fecundity in butterflies (Mevi-Schütz and 
Erhardt 2005). The test solutions were made 
with sodium free substances. 
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Preliminary experiments showed that C. 
pamphilus butterflies rejected a daily 
feeding (Cahenzli and Erhardt in press). In 
contrast to the varying availability of floral 
nectar quality and quantity in nature 
(Rusterholz and Erhardt 1998), nectar 
supply at the artificial feeding station was 
not limited. In the present experiment, the 
butterflies consumed obviously enough 
nutrients by feeding only every second day. 
Furthermore, the butterflies were kept in 
cages, reducing their mobility and 
diminishing their energy consumption. We 
therefore fed the butterflies their respective 
nectar diet every second day and allowed 
them to consume nectar until they 
voluntarily left the feeding station. C. 
pamphilus butterflies did not recognize the 
artificial feeding station as a natural nectar 
source. We therefore placed the butterflies 
beside the nectar filled tube and dipped the 
rolled out proboscis with the help of a 
needle into the nectar mimic to initiate 
feeding. To measure the amount of nectar 
consumed, we calculated the difference 
between the initial amount of nectar and the 
amount of nectar left by the butterflies after 
feeding, using a 100-μl Hamilton syringe. 
 
Fitness and reproductive parameters 
 
Larval host plants for oviposition were 
offered, but in our experiment C. pamphilus 
females laid their eggs mainly on the cage 
netting. We recorded the longevity of each 
butterfly (number of days from hatching out 
of the pupa to death) and collected all eggs 
laid by cutting them out of the cage netting. 
Longevity is a measure for nectar sugars 
invested   in   male’s   own   somatic  
maintenance, whereas total number of eggs 
laid, egg duration (number of days from 
when the egg was laid to when the larva 
hatched), egg hatching success (number of 
eggs hatched per butterfly) and larval 
hatching mass (mg) are a measure for nectar 
sugars   invested   in   male’s   realized  
reproduction. Freshly hatched larvae were 
weighed within 24 h (Mettler M3, Mettler 
Instruments, Switzerland, accuracy ± 0.001 
mg). Furthermore, we characterized 
relationships between female butterfly age 
and number of eggs laid, larval hatching 
success and larval hatching mass. Eggs laid 
on the same day by the same butterfly were 
placed together in Petri dishes.  
 
Statistical analysis 
 
Longevity and the reproductive traits total 
number of eggs laid, egg duration, egg 
hatching success and larval hatching mass 
were analyzed with mixed-effects models. 
Because related individuals (individuals 
from the same paternal lineage) are not 
independent of each other, effects and 
interactions were tested against the random 
factor   lineage.   The   models   used   male’s  
nectar sugar concentration (high, medium, 
low) as a factor and male and female pupal 
mass (as an expression of resources acquired 
during larval phase) and the average amount 
of nectar consumed per feeding of male 
butterflies  until  mating  as  covariates.  Male’s  
average amount of nectar mimic consumed 
was tested against the factor nectar diet 
(high, medium, low) and male pupal mass as 
a covariate. There was no significant 
difference in average amount of nectar 
mimics consumed among females paired 
with males from different treatment groups 
(F2,35 = 0.97, P = 0.4). The variable 
female’s   amount   of   consumed   nectar   was  
therefore excluded from further analyses. A 
stepwise model reduction of the applied 
models was employed, with the least 
significant interaction always removed first 
(Crawley 2007). Tukey-Kramer’s   HSD  
comparisons (P < 0.05) were performed 
between the levels of significant factors.  
We used correlation analyses to detect a 
possible tradeoff between number of eggs 
and larval hatching mass, and to examine 
how covariates affected longevity and 
reproductive parameters. 
Mixed-effects models with temporal 
pseudoreplication (repeated measures on the 
same females) were used to test if day of 
oviposition, adult diet and larval diet 
affected time patterns of reproductive traits. 
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Number of eggs and larval hatching success 
over time were analyzed with generalized 
linear mixed models with temporal 
pseudoreplication due to non-normal data 
structure (Crawley 2007). A stepwise model 
reduction of the applied models was 
employed, with the least significant 
interaction always removed first (Crawley 
2007). Furthermore, quadratic regressions 
were used to characterize trends in the time 
pattern over the female oviposition period 
(Crawley 2007). All statistical analyses were 
calculated with R Statistical Software 
(Version 2.9.1; R Development Core Team 
2009). All treatment means are indicated 
with standard errors. 
 
Results 
 
Effects of nectar sugar concentration on 
male butterflies 
 
Male butterfly longevity differed among 
treatment groups (F2,35 = 3.67, P = 0.038; 
Fig. 1). Adult diet quality affected longevity 
significantly, whereas lineage, male pupal 
mass and the amount of consumed nectar 
had no effect (Table 1). Tukey-Kramer’s  
HSD comparisons revealed that high-quality 
males lived significantly longer than low-
quality-males (Fig. 1). Medium-quality 
males lived not significantly longer than 
low-quality males or significantly shorter 
than high-quality males (Fig. 1). 
Male butterflies fed low-concentrated 
nectar consumed significantly more nectar 
than males fed medium- or high-
concentrated nectar (F2,35 = 16.00, P < 
0.001; Table 2). Lineage (F1,5 = 0.06, P = 
0.82) did not affect nectar consumption, 
whereas male pupal mass (F1,28 = 6.28, P = 
0.02) and nectar diet quality (F1,28 = 12.83, P 
< 0.001) had significant effects. Male pupal 
mass tended to correlated positively with the 
amount of nectar consumed (R = 0.28; df = 
36; P = 0.08). 
 
 
 
 
Figure 1 
 
 Fig. 1 Longevity of male Coenonympha 
pamphilus butterflies fed with low (5% total 
sugar; white bar), medium (20% total sugar; 
light grey bar) or high-quality (30% total sugar; 
dark grey bar) nectar. Mean ± SE. Different 
letters indicate significant differences for 
longevity. 
 
Effects of nectar sugar concentration on 
reproduction 
 
The total number of eggs laid did not 
differ between treatment groups (F2,35 = 
0.64, P = 0.54; Table 2). Total number of 
eggs laid was significantly affected by 
female pupal mass and male lineage, 
whereas male pupal mass had only a 
marginal effect (Table 1). Number of eggs 
laid differed between lineages, and female 
pupal mass correlated positively with egg 
number (R = 0.36; df = 36; P = 0.03). Male 
butterfly’s   nectar  quality  and   the  amount  of  
nectar consumed had no significant effects 
(Table 1).  
Egg duration (F2,35= 0.05, P = 0.95; Table 
2) and female longevity (F2,35 = 0.77, P = 
0.47; Table 2) did not differ significantly 
among treatment groups and were not 
influenced by lineage, male and female 
pupal  mass,  male’s  amount  of  nectar  mimic  
consumed or male nectar diet quality (Table 
1).  
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Table 1: Effects of pupal mass, male nectar diet  quality,  male’s  amount  of  nectar  consumed  and  maternal  lineage  on  reproduction  of  male  
Coenonympha pamphilus butterflies. F values, P values and the effect size (R) of the ANCOVA are presented. 
 ♂  Pupal  mass   
(df = 1, 26) 
♂  Nectar  diet  quality  (df 
= 2, 26) 
♂  Nectar  amount 
(df = 1, 26) 
Paternal lineage 
(df = 1, 5) 
♀  Pupal  mass 
(df = 1, 26) 
 F P R F P R F P R F P R F P R 
Egg number 3.49 0.07 0.34 0.16 0.85 0.08 2.35 0.14 0.29 8.06 0.036 0.79 5.13 0.03 0.41 
Egg duration 0.33 0.57 0.11 0.02 0.99 0.02 0.09 0.77 0.06 1.12 0.34 0.43 0.76 0.39 0.17 
Hatching success 1.19 0.29 0.21 1.57 0.23 0.24 4.48 0.044 0.38 0.07 0.81 0.11 0.60 0.44 0.15 
Hatching mass 0.33 0.57 0.09 3.73 0.038 0.35 0.66 0.43 0.16 0.21 0.67 0.20 0.94 0.34 0.19 
♂  Longevity 0.004 0.95 0.01 11.09 <0.001 0.54 0.61 0.44 0.15 0.77 0.42 0.36 - - - 
♀  Longevity 2.62 0.12 0.30 0.62 0.55 0.15 1.51 0.23 0.23 0.70 0.44 0.35 0.45 0.51 0.13 
Note: Male nectar diet quality is shown as low (5%), medium (20%) or high (30%) total sugar concentration.  
R = √(F)  (√(F+df))-1. 
 
Table 2: Treatment means for reproduction of male Coenonympha pamphilus butterflies. 
 Low (5%) Medium (20%) High (30%) 
Total no. eggs laid 79.62 ± 7.73 89.09 ± 9.18 92.21 ± 7.41 
Egg duration (days) 5.50 ± 0.07 5.53 ± 0.09 5.52 ± 0.07 
Hatching success 0.86 ± 0.04 0.92 ± 0.04 0.93 ± 0.02 
Nectar/feeding (µl) 8.71a ± 0.82 5.22b ± 0.50 5.65b ± 0.31 
Female Long. (days) 19.62 ± 1.64 20.73 ± 2.50 17.43 ± 1.73 
Note: Male butterflies were fed a nectar mimic with low (5% total sugar concentration), medium 
(20% total sugar concentration) or high (30% total sugar concentration) sugar concentration. Means 
± SE. Different letters indicate significant differences among treatment groups (Tukey-Kramer 
HSD, P < 0.05). 
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Egg hatching success was the same for all 
treatment groups (F2,35= 1.23, P = 0.31; 
Table 2) and was unaffected by lineage, 
male and female pupal mass and male nectar 
diet   quality,   whereas   male   butterfly’s  
amount of nectar consumed until mating had 
a significant effect (Table 1). However, 
correlation analysis between the amount of 
consumed nectar and egg hatching success 
showed no correlation (R = 0.18; df = 36; P 
= 0.29). 
Larval hatching mass differed significantly 
among treatment groups (F2,35 = 3.94, P = 
0.031; Fig. 2). Larvae from medium-quality 
males were significantly heavier than 
progeny from low-quality males (Fig. 2). 
Furthermore, there was no significant 
difference between larval hatching mass of 
offspring from high-quality males and 
medium-quality males, and between 
progeny from high-quality males and low-
quality   males   (Fig.   2).   Lineage,   male’s  
amount of nectar mimic consumed and male  
 
Figure 2 
 
 
Fig. 2 Hatching mass of Coenonympha 
pamphilus larvae descending from male 
butterflies fed with low (5% total sugar; white 
bar), medium (20% total sugar; light grey bar) 
or high-quality (30% total sugar; dark grey bar) 
nectar. Mean ± SE. Different letters indicate 
significant differences in larval hatching mass. 
 
 
 
Figure 3 
 
Fig. 3 Hatching mass of Coenonympha 
pamphilus larvae significantly decreases in all 
three paternity groups (males fed with nectar 
containing 30% total sugar filled dots, solid line, 
males receiving nectar with 20% total sugar 
empty squares, dashed line, males receiving 
nectar with 5% total sugar empty dots, dotted 
line)   over   female’s   oviposition   period.   Dots  
represent mean hatching mass of all larvae 
hatched at a certain day of the female 
oviposition period. 
 
and female pupal mass did not affect mean 
larval hatching mass (Table 1). There was 
no trade-off between number of eggs and 
larval hatching mass (R = -0.10, N = 38, P = 
0.57).  
 
Time effects over oviposition period 
 
Generalized linear mixed-model analysis 
revealed that day of oviposition, male diet 
quality and the interaction between male diet 
and day had a marginal effect on the time 
pattern of number of eggs laid, whereas 
individual had no effect (Table 3). Over the 
oviposition period, the number of eggs laid 
decreased significantly in all three treatment 
groups (high: R2 = 0.67, N = 16, P < 0.001; 
medium: R2 = 0.81, N = 18, P < 0.001; low: 
R2 = 0.44, N = 21, P = 0.008), However, the 
number of eggs laid tended to decrease more 
slowly for females mated with medium-
quality males than females mated with high-
quality and low-quality males. 
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Table 3: Effects of day of oviposition, adult nectar diet and individual on time patterns of reproductive parameters 
of Coenonympha pamphilus butterflies. Z or t values, P values, degrees of freedom (df) and the effect size (R) of 
the ANCOVA are presented. 
 Egg number Larval hatching success Larval hatching mass 
 z P R df z P R df t P R df 
Day of oviposition -1.94 0.052 0.10 1,484 -1.58 0.11 0.08 1,357 11.78 <0.001 0.54 1,345 
Individual 0.59 0.56 0.03 1,34 -0.82 0.41 0.04 1,34 1.58 0.12 0.26 1,34 
♂  Adult  diet 1.71 0.087 0.09 2,34 0.75 0.45 0.04 2,34 2.28 0.01 0.36 2,34 
♂  Adult  diet  x  day  
of oviposition 
-1.84 0.065 0.10 2,484 - n.s. -  - n.s. - - 
Note: Male nectar diet quality is shown as low (5%), medium (20%) or high (30%) total sugar concentration.  
R  =  t  (√(t2+df)) -1 or  z  (√(z2+df)) -1. 
 
Day of oviposition, adult diet and 
individual had no significant effects on the 
time pattern of egg hatching success over 
the oviposition period (Table 3). Egg 
hatching success was constant over 
oviposition period in the high- and medium-
concentrated group (high: R2 = 0.002, N = 
17, P = 1; medium: R2 = 0.11, N = 17, P = 
0.44). In the low-concentrated group, egg 
hatching success decreased marginally (R2 = 
0.17, N = 17, P = 0.096).  
Day of oviposition and male adult diet had 
a significant, whereas individual had no 
significant effect on time pattern of larval 
hatching mass (Table 3). Larval hatching 
mass significantly decreased over the 
oviposition period in the low-concentrated 
nectar diet group (R2 = 0.87, N = 17, P < 
0.001; Figure 3). In the medium- and high-
concentrated group, larval hatching mass 
was constant until day 6, but decreased 
afterwards (high: R2 = 0.83, N = 17, P < 
0.001; medium: R2 = 0.80, N = 17, P < 
0.001; Figure 3). 
 
Discussion 
 
General effects of nectar sugars on male 
butterfly longevity  
 
Male C. pamphilus butterflies fed with 
high-concentrated nectar (30%) benefited 
from nectar sugars by increasing their 
longevity (Fig. 1). Correspondingly, male 
Papilio xuthus fed with sucrose had a higher 
longevity than males fed only with water 
(Watanabe and Hirota 1999). Furthermore, 
food-restricted Pieris napi and Bicyclus 
anynana males had a significantly shorter  
 
life span than males fed with various flowers 
and a sucrose solution (Ferkau and Fischer 
2006). As C. pamphilus males can mate 
several times throughout their life 
(Wickman 1985), a longer life span of males 
increases their chances for additional 
matings. Thus, increased longevity should 
have fitness relevant effects and could 
increase male butterfly reproductive success. 
 
General effects of nectar sugars on male 
butterfly reproduction 
 
Floral nectar provides primarily 
carbohydrates, although other nectar 
constituents such as amino acids can also 
play an important role for nectar feeding 
pollinators (Watt et al. 1974; Baker and 
Baker   1983;;   O’Brien   et   al.   2004).   The  
results of our study clearly showed that C. 
pamphilus males used nectar sugars also 
directly for their reproduction (Fig. 2, Table 
1). Correspondingly, spermatophore mass 
correlated with sucrose intake in Papilio 
xuthus (Watanabe and Hirota 1999). 
Furthermore, C. pamphilus males fed nectar 
containing only 5% total sugar concentration 
consumed significantly more nectar than 
males fed nectar with higher sugar 
concentrations (Table 2), emphasising the 
importance of nectar sugars for male 
butterflies. Increasing intake as a 
compensation for sugar deficient diets has 
also been found for other butterfly species 
(Hill 1989; Hill and Pierce 1989). 
Nevertheless, C. pamphilus males fed low-
concentrated nectar obtained only a. 50 % 
(ca. 0.43 µg) of the amount of sugar 
compared with medium- and high-quality 
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males (ca. 1.04µg and 1.7 µg, respectively). 1 
Obviously, low-quality males had limited 2 
consumption abilities, restricting not only 3 
their energy budget but also their longevity 4 
and reproduction. In contrast, nuptial gifts 5 
from medium-quality males were obviously 6 
sufficient to increase egg provisioning, 7 
resulting in an increase in hatching mass of 8 
larvae, whereas number of eggs and egg 9 
hatching success were not increased (Table 10 
1). Larvae from heavier eggs had a better 11 
survival rate and a shorter pupal period in 12 
Parnara guttata (Seko and Nakasuji 2004), 13 
and a better survival rate and a higher pupal 14 
mass in tropical Satyrinae (Braby 1994).  15 
 16 
Tradeoff between direct reproduction and 17 
male longevity 18 
 19 
 Interestingly, longevity and larval 20 
hatching mass of offspring did not differ 21 
significantly between males fed with 22 
medium- or high-concentrated nectar (Fig. 23 
1, 2). But in contrast to medium-quality 24 
males, high-quality males had a significantly 25 
longer life span than low-quality males (Fig. 26 
1). Furthermore, in contrast to high-quality 27 
males, medium-quality males produced 28 
significantly heavier hatchlings than low- 29 
quality males (Fig. 2). Thus, it seems that 30 
moderate amounts of nectar sugars are 31 
primarily used to increase reproduction, 32 
whereas high sugar concentrations in nectar 33 
rather benefit male longevity. Consequently, 34 
individuals investing more into reproduction 35 
will have less energy available for their own 36 
somatic demands (Reznick 1985). In P. 37 
napi, males fed ad libitum with various 38 
flowers and sucrose lived significantly 39 
shorter after they had copulated once or 40 
twice compared to virgin males (Ferkau and 41 
Fischer 2006). On the other hand, the 42 
number of matings had no effect on the life 43 
span in male Danaus plexippus fed a 30% 44 
honey solution to satiation (Oberhauser 45 
1989). However, the fact that male C. 46 
pamphilus butterflies increased either 47 
reproduction or longevity under an increased 48 
sugar supply in our experiment suggests a 49 
trade-off between somatic maintenance and 50 
reproduction for the use of carbohydrates 51 
from the adult diet. C. pamphilus butterflies 52 
visit a broad spectrum of nectar plants with 53 
varying total sugar concentrations, from 54 
medium (Thymus serpyllum 22.2 % weight 55 
sugar/ total weight nectar, i. e. ca. 242 g / 56 
1000 g) to high (Vicia cracca 52.6 % weight 57 
sugar/ total weight nectar, i. e. ca 654 g / 58 
1000 g; Rusterholz and Erhardt 1998), and 59 
can therefore vary the amount of sugars 60 
ingested from adult feeding according to 61 
different energy and nutritional needs 62 
(Boggs 1997). 63 
 64 
Time effects over oviposition period 65 
 66 
The number of eggs and the larval 67 
hatching mass decreased over the 68 
oviposition period in all three male sugar 69 
diet groups (Fig. 3). This result is in 70 
accordance with the decreasing larval 71 
hatching mass over female oviposition 72 
period in C. pamphilus females (Cahenzli 73 
and Erhardt in press). Egg mass also 74 
decreased with increasing female age in 75 
Pararge aegeria (Wiklund and Persson 76 
1983), Lasiommata megera (Karlsson and 77 
Wiklund 1984) and Araschnia levana 78 
(Mevi-Schütz and Erhardt 2005). However, 79 
male nectar diet treatment significantly 80 
affected the time pattern of larval hatching 81 
mass. Hatching mass of larvae descending 82 
from medium- and high-quality fathers 83 
remained constant until day 6, and began 84 
decreasing afterwards, whereas the hatching 85 
mass of larvae from the low-quality fathers 86 
decreased from the beginning of the 87 
oviposition period (Fig. 3). Females used 88 
male-derived nutrients to increase larval 89 
hatching mass, but nuptial gifts from low- 90 
quality males were obviously too small to 91 
delay an immediate decline of larval 92 
hatching mass. However, the egg hatching 93 
success over the oviposition period was the 94 
same for all nectar diet treatments and did 95 
not decrease significantly over time.  96 
 97 
 98 
 99 
 100 
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Conclusion 101 
  102 
This study shows that the uptake of sugars 103 
in floral nectar can enhance reproduction 104 
and longevity in male C. pamphilus 105 
butterflies, and that there is a tradeoff 106 
between these two traits. Furthermore, C. 107 
pamphilus females allocated additional 108 
resources derived from male nuptial gifts to 109 
increase larval hatching mass and to 110 
maintain hatching mass for almost a week.  111 
 Studies carried out so far have shown that 112 
nectar constituents like sugars, amino acids 113 
and salts can all solely enhance butterfly 114 
reproduction and fitness (Fig. 1, 2; Boggs 115 
and Jackson 1991; O’Brien   et   al.   2004;;   116 
Mevi-Schütz and Erhardt 2005; Cahenzli 117 
and Erhardt in press). Hence, further 118 
investigations should examine if these nectar 119 
constituents interact, and how potential 120 
interactions affect male and female 121 
reproduction, as male and female 122 
reproductive budgets in butterflies are linked 123 
via nuptial gifts (Boggs 2009). 124 
Thus, the results of the present study 125 
support previous findings suggesting a 126 
coevolutionary process between butterflies 127 
and flowers dependent on butterfly 128 
pollination. 129 
 130 
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Chapter 5 
 
Transgenerational acclimatization in an herbivore-host plant relationship 
 
Abstract 
 
Twenty years ago, scientists began to 
recognize that parental effects are one of 
the most important influences on progeny 
phenotype. Consequently, it was postulated 
that herbivorous insects could produce 
progeny that are acclimatized to the host 
plant experienced by the parents to 
improve progeny fitness, because host 
plants vary greatly in quality and quantity, 
and can thus provide important cues about 
the resources encountered by the next 
generation. However, despite the possible 
profound implications for our 
understanding of host-use evolution of 
herbivores, host-race formation and 
sympatric speciation, intense research has 
been unable to verify transgenerational 
acclimatization in herbivore-host plant 
relationships. 
We reared Coenonympha pamphilus larvae 
in the parental generation (P) on high- and 
low-quality host plants, and reared the 
offspring (F1) of both treatments again on 
high- and low-quality plants. We tested not 
only for maternal effects, as most previous 
studies, but also for paternal effects. Our 
results show that parents experiencing 
predictive cues on their host plant can 
indeed   adjust   progeny’s   phenotype   to  
anticipated host plant quality. Maternal 
effects affected female and male offspring, 
whereas paternal effects affected only male 
progeny. We here verify, for the first time, 
the long postulated transgenerational 
acclimatization in an herbivore-host plant 
interaction. 
 
Key words: butterfly reproduction; larval 
feeding; Lepidoptera; maternal effects; 
paternal effects; phenotypic plasticity 
 
 
 
 
 
Introduction 
 
Over 20 years ago, scientists recognized 
parental effects as one of the most 
important influences on progeny 
phenotype with potential adaptive 
character (Kirkpatrick and Lande 1989; 
Mousseau and Dingle 1991) rather than as 
troublesome sources of variation in 
quantitative genetic studies (Falconer 
1981). Consequently, herbivorous insects 
experiencing predictive cues on their host 
plants have been expected to produce 
offspring that are physiologically 
acclimatized to particular host plant 
characteristics (Via 1991; Fox et al. 1995; 
Spitzer 2004; Mc Lean et al. 2009). The 
acclimatized progeny would then benefit 
from parental host plant experience and 
improve their performance and hence 
increase its fitness. This theoretically 
postulated process is termed 
transgenerational conditioning or 
acclimatization, the most obvious way that 
parental effects based on environmental 
conditions could influence progeny in an 
adaptive way (Fox et al. 1995; Spitzer 
2004). But although several studies found 
adaptive maternal effects in plants 
(Galloway and Etterson 2007; Sultan et al. 
2009; Whittle et al. 2009), insects 
(Mousseau and Dingle 1991; Mousseau 
and Fox 1998a) and also in other animals 
(Yoder et al. 2006; Burges and Marshall 
2011; Salinas and Munch 2012), 
transgenerational acclimatization of 
progeny to host plants has not been 
documented so far, in spite of many 
experimental attempts (Via 1991; Futuyma 
et al. 1993; Fox et al. 1995; Fox 1997; 
Spitzer 2004; Amarillo-Suarez and Fox 
2006; Or and Ward 2007; Mc Lean et al. 
2009). This is surprising, because host 
plants provide a wealth of cues about the 
resource quality and quantity encountered 
by the next insect generation (Spitzer 
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2004). Because transgenerational 
acclimatization would also have important 
biological implications, Mousseau and Fox 
(1998b) stated that more work is required 
in this area. For instance, transgenerational 
acclimatization could reduce the costs of 
using a novel host over several 
generations, affecting the evolution of host 
range for an insect (Spitzer 2004). 
Furthermore, selection for host fidelity 
could be increased, possibly influencing 
host-use evolution of herbivores, host-race 
formation and sympatric speciation (Fox et 
al. 1995; Mousseau and Fox 1998a, 1998b; 
Spitzer 2004). 
So far, there is only limited evidence 
from herbivorous insects that parental host 
plants could have substantial effects on 
progeny performance (Mc Lean et al. 
2009). For example, it is known that 
insects can alter egg provisioning on the 
basis of maternal host plant experience and 
provide their progeny with increased 
resources for early larval development 
(Awmack and Leather 2002). Pieris rapae 
females alter patterns of egg size and 
possibly egg provisioning based on 
nitrogen content in artificial diet, and 
offspring reared on the same nitrogen 
concentration as their mother had a higher 
larval mass at day four after eclosion 
(Rotem et al. 2003). However, after day 
four, this difference was no longer evident, 
and no positive effects on fitness could be 
detected thereafter (Rotem et al. 2003). 
There are also several other studies 
documenting adaptive maternal effects 
based on host plant experience, but these 
effects did not acclimatize offspring to 
specific anticipated host plant conditions 
(Futuyma et al. 1993; Fox et al. 1995; 
Amarillo-Suarez and Fox 2006). For 
example, larvae of the seed beetle Stator 
limbatus whose mothers were reared on 
Pseudosamanea guachapele developed 
faster than offspring from mothers that 
were raised on Acacia greggii, regardless 
of whether progeny was reared on P. 
guachapele or A. greggii (Amarillo-Suarez 
and Fox 2006). Thus, maternal experience 
did not adjust progeny phenotype to an 
anticipated host plant type, but affected 
offspring encountering any haphazard host 
plant type. Maternal effects therefore 
generally enhanced offspring performance, 
but this is not acclimatization to specific 
host plants, as the interaction between 
parental and progeny host plant effects was 
not significant. So far, only in the special 
case of aphids, which are thought to be 
particularly prone for trans-generational 
effects, because several generations are 
"telescoped" within a developing aphid as 
embryos and may therefore be affected 
directly by the food of their mother or 
grandmother (Spitzer 2004), some 
evidence for transgenerational 
acclimatization was found  (De Barro et al. 
1995). By contrast, other studies found no 
evidence for transgenerational 
acclimatization in aphids (Via 1991; Mc 
Lean et al. 2009). 
We reared Coenonympha pamphilus 
larvae in the parental generation (P) on 
nitrogen-rich (high-quality) and nitrogen-
poor (low-quality) host plants, and reared 
the offspring (F1) of both treatments again 
on high- and low-quality plants. In two 
separate experiments, we tested whether 
males (P) and females (P) adjusted 
progeny performance to anticipated larval 
host conditions. C. pamphilus used in this 
study, as well as many other phytophagous 
insects, have to cope with varying host 
plant quality (high- versus low-nitrogen 
levels), nitrogen being a key nutrient for 
development and fitness in insects 
(Schoonhoven et al. 2006. The nutritional 
quality experienced by the parental 
generation (P) could therefore prepare the 
progeny (F1) to optimally use the resources 
on similar nutritional plant quality and to 
improve performance and fitness. 
 
Materials and methods 
 
Study species 
 
Coenonympha pamphilus L. 
(Lepidoptera: Satyrinae), the small heath, 
is a common butterfly in Eurasia and is 
found on various meadow types 
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(Lepidopterologen-Arbeitsgruppe 1987). 
The larvae feed on a variety of grass 
species (Koch 1991), differing in 
nutritional quality, but Festuca rubra is 
favoured (Goverde and Erhardt 2003). 
Seven C. pamphilus females were 
collected from an unfertilized meadow in 
the northern Jura Mountains (Nenzlingen 
BL  47°  26′  N,  7°  33′  E,  Switzerland).  The  
eggs laid were sorted by maternal lineage 
and placed in separately marked Petri 
dishes. 
 
Host plants 
 
Larval food plants of F. rubra were 
grown in 750 ml plastic pots filled with 
untreated calcareous soil from a nutrient-
poor meadow near Liesberg BL in 
Switzerland. Each pot was planted with 
450 seeds (UFA Samen Basel, 
Switzerland). Plants were grown in a 
greenhouse at the University of Basel, with 
ambient sun light in summer and 
supplement light (1000 W broad spectrum, 
light period from 06.00 to 20.00) during 
cloudy weather conditions and a day/night 
cycle of 25ºC/19 ºC. High-quality larval 
food plants were fertilized once a week (N 
: P : K = 1 : 1 : 1). The low-quality larval 
food plants received only water. Plant 
nitrogen content was analysed from eight 
week old grass samples using a CHN 
analyzer.  
Silica is the main anti-herbivore defence 
in grasses and is more important than 
chemical defences in deterring herbivory 
on grasses (Vicari and Bazely 1993; 
Massey et al. 2007). Fertilization can 
slightly decrease the silica content in F. 
rubra, but this decrease in foliar silica 
content has no significant effect on larval 
performance in C. pamphilus (Cahenzli 
and Erhardt 2012a).  
 
Larval rearing in the parental generation 
(P) 
 
Larvae (P) descending from each of the 
seven wild-caught females were randomly 
divided into two groups, whereby one-half 
of the larvae was assigned to the high-
quality host plants and the other half to the 
low-quality host plants. All lineages were 
included in the analysis. Larvae from 
different wild caught-females were reared 
separately in linegroups of 10 and kept 
singly in Petri dishes after two weeks. 
Light period was set from 06.00 to 20.00 
with a day/night cycle of 25ºC/19 ºC. 
Larvae reared on high-quality host plants 
(High-P) received high-quality host plants 
ad libitum in Petri dishes, whereas food 
quantity of last instar larvae of the parental 
generation raised on low-quality host 
plants (Low-P) was limited to the amount 
ingested by High-P larvae. This approach 
was chosen to ensure low-nitrogen 
availability in Low-P larvae, as we 
concentrated on effects of nitrogen supply 
in this study. In nature, C. pamphilus 
occurs in various meadow types and feeds 
on a variety of grass species differing 
greatly in nutritional quality 
(Lepidopterologen-Arbeitsgruppe 1987; 
Koch 1991; Goverde and Erhardt 2003). 
Furthermore, high-silica content in low-
quality host plants limits larval nitrogen 
acquisition (Cahenzli and Erhardt 2012a), 
and low-nitrogen concentration in host 
plants can also cause compensatory 
feeding in C. pamphilus (Cahenzli and 
Erhardt 2012a), resulting in 
underestimating effects of low-nitrogen 
supply (Carvalho et al. 2005). 
To generate auxiliary butterflies for 
mating, additional larvae from the seven 
wild-caught females were reared on low-
quality host plants fed ad libitum. 
 
Approach to test for maternal effects 
 
We mated 12 High-P and 12 Low-P 
females with auxiliary males to test for 
maternal effects. Twenty larvae (F1) from 
each mother were assigned randomly to the 
high- and low-quality plants (Figure 1). All 
F1 larvae were fed ad libitum, allowing 
them to respond unconstrained to their 
respective diet. Female or male offspring 
(F1) from a single mother were pooled. We 
therefore obtained a sample size of n = 48 
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female offspring (F1) and n = 48 male 
offspring (F1), resulting in a total sample 
size of n = 96 to test for maternal effects.  
 
Approach to test for paternal effects 
 
We mated 12 High-P and 12 Low-P 
males with auxiliary females to test for 
paternal effects. Twenty larvae (F1) from 
each father were assigned randomly to the 
high- and low-quality plants (Figure 1). All 
F1-larvae were fed ad libitum, allowing 
them to respond unconstrained to their 
respective diet. Female or male offspring 
(F1) from a single father were pooled. We 
therefore obtained a sample size of n = 47 
female offspring (F1) and n = 47 male  
 
Figure 1 
 
 
Fig. 1 Experimental flow chart. Larvae of the 
parental generation (P) and their progeny (F1) 
were raised on high- and low-quality host 
plants. Adult butterflies of the parental 
generation were mated with auxiliary males or 
females (Aux) reared on low-quality host 
plants and fed ad libitum. Progeny (F1) 
descending either from treated males or 
females (P) was treated and analysed 
separately. 
 
offspring (F1), resulting in a total sample 
size of n = 94 to test for paternal effects. 
The smaller sample size to test for paternal 
effects is due to one damaged, low-quality 
pot from which the larvae escaped. 
 
Fitness parameters 
 
We recorded larval hatching mass within 
24 hours (mg), and the fitness traits larval 
duration (number of days from eclosion to 
pupation), pupal mass on the fifth day after 
pupation (mg) and forewing length within 
24h after emergence (mm; lateral 
wingspan of the left forewing). We 
measured larval hatching mass instead of 
egg mass because C. pamphilus females 
frequently laid their eggs on the cage 
netting, although larval host plants for 
oviposition were offered. Weighing eggs 
without destroying them was therefore 
difficult. However, previous studies with 
other butterfly species showed that egg 
mass and larval hatching mass are tightly 
correlated (Karlsson and Wiklund 1984). 
Thus, the measured larval hatching mass in 
this study is a good substitute for egg mass 
to assess parental provisioning to 
offspring. Larval duration was measured 
because prolonged larval duration may 
increase the exposure time to predators, 
parasites and other adverse factors (Clancy 
and Price 1987; Williams 1999). 
Furthermore, pupal mass is an appropriate 
indicator for butterfly fitness, because male 
(Ferkau and Fischer 2006) and female 
(Cahenzli and Erhardt 2012b) pupal mass 
is correlated with fecundity. We measured 
also forewing length, because thorax mass 
and forewing geometry affect flight 
performance (Berwaerts et al. 2002), 
which can be important for dispersal, 
foraging, reproduction and predator 
avoidance. 
 
Statistical analysis 
 
Host plant nitrogen level and fitness 
traits in the parental generation (P) were 
analysed with two-sided t-tests. Fitness 
traits of progeny (F1) were analysed with 
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mixed-effects models (Crawley 2007) with 
the categorical variables sex, host plant 
quality (P, F1) and the continuous variable 
larval hatching mass (F1). To account for 
inherited parental characteristics, the 
models testing for maternal effects 
included also the random factor maternal 
lineage (Crawley 2007) and the continuous 
covariates pupal mass or forewing length 
of untreated fathers, depending on the 
analysed fitness trait (Table 1). The models 
testing for paternal effects additionally 
included the random factor paternal 
lineage (Crawley 2007) and the continuous 
covariates pupal mass or forewing length 
of untreated mothers, depending on the 
analysed fitness trait (Table 2). A stepwise 
model reduction was used, with the least 
 
Figure 2 
 
Fig. 2 Pupal mass of Coenonympha pamphilus 
females (F1). Progeny (High-F1 versus Low-F1) 
was raised on high- and low-quality host plants 
and descended from mothers (High-P versus 
Low-P) reared on high- (grey bars) and low-
quality (white bars) host plants. The box 
represents the interquartile range from first to 
third quartile; the line across the box indicates 
the median and the whiskers show maximum 
and minimum values. Different alphabets 
indicate significant differences between 
treatment groups (Tukey multiple comparison, 
P < 0.05, offspring descending from a single 
mother were pooled, see methods, n = 12 for 
each treatment group). 
 
significant interactions always removed 
first (Crawley 2007). Larval duration and 
forewing length (F1) were analysed with 
generalized linear mixed-effects models 
owing to non-normal data structure 
(Crawley 2007, Pinheiro and Bates 2000). 
Two sided t-tests between pooled 
treatment groups (progeny reared on the 
same versus offspring reared on the 
opposite host plant quality from their 
parents) and Tukey multiple comparisons 
between unpooled treatment groups (High-
P/High-F1, Low-P/High-F1, High-P/Low-
F1, Low-P/Low-F1) were performed. 
Correlation analyses were used to test for 
relationships between fitness traits. All 
statistical analyses were two-sided and P-
values < 0.05 were considered statistically 
significant. 
 
Results 
 
Host plant quality 
 
Fertilized F. rubra host plants (3.16 ± 
0.05 g nitrogen per 100 gram dry weight) 
had significantly higher leaf nitrogen 
content than unfertilized host plants (1.67 
± 0.09 g nitrogen per 100 gram dry weight; 
t = 15.2, n = 16, P < 0.001). 
 
Parental generation 
 
Females as well as males (P) reared on 
high-quality host plants had a significantly 
shorter larval duration (females: high-
quality 24.67 ± 0.64 days; low-quality 
38.78 ± 1.42 days; t = 9.1, n = 24, P < 
0.001; males: high-quality 21.23 ± 0.67 
days; low-quality 30.46 ± 0.92 days; t = 
8.2, n = 24, P < 0.001), higher pupal mass 
(females: high-quality 67.62 ± 1.44 mg; 
low-quality 45.79 ± 1.17 mg; t = 11.8, n = 
24, P < 0.001; males: high-quality 51.69 ± 
1.07 mg; low-quality 37.17 ± 0.78 mg; t = 
10.9, n = 24, P < 0.001) and longer 
forewings (females: high-quality 13.11 ± 
0.16 mm; low-quality 10.89 ± 0.14 mm; t 
= 10.6, n = 24, P < 0.001; males: high-
quality 12.56 ± 0.14 mm; low-quality 
10.36 ± 0.14 mm; t = 8.4, n = 24, P < 
!
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0.001) than females and males raised on 
low-quality host plants. 
 
Effects of maternal experience on progeny 
performance 
 
Larval duration (F1) was significantly 
affected by sex and host plant quality (F1), 
whereas host plant quality of mothers (P), 
maternal lineage and larval hatching mass 
had no significant effects (Table 1). Larvae 
reared on high-quality host plants 
developed faster (females: 25.66 ± 0.43 
days; males: 21.51 ± 0.47 days) than larvae 
raised on low-quality host plants (females: 
31.39 ± 1.05 days; t = 5.5, n = 48, P < 
0.001; males: 25.87 ± 0.87 days; t = 4.6, n 
= 47, P < 0.001) irrespective of maternal 
host plant quality. 
Pupal mass (F1) was significantly affected 
by sex, maternal lineage and pupal mass of 
untreated fathers (P), whereas host plant 
quality (maternal, F1) and larval hatching 
mass had no significant effects (Table 1). 
There was a significant maternal-host-by-
progeny-host interaction (Table 1). High-
P/High-F1 and Low-P/Low-F1 females had 
a significantly higher pupal mass than 
Low-P/High-F1 and High-P/Low-F1 
females (Figure 2). Pupal mass of male 
offspring was affected less clearly by 
maternal experience, but pooled male 
progeny reared on the same (Low-P/Low-
F1 plus High-P/High-F1) rather than the 
opposite (Low-P/High-F1 plus High-
P/Low-F1) host plant quality as their 
mother had a higher pupal mass (t = 3.48, 
n = 48, P = 0.001; Figure 3a). Larval 
duration and pupal mass did not 
significantly correlate (females: R2 = 0.02, 
n = 48, P = 0.39; males: R2 = 0.00, n = 48, 
P = 0.73). 
Forewing length (F1) was significantly 
affected by sex, host plant quality 
(maternal, F1) and forewing length of 
untreated fathers (P), whereas maternal 
lineage and larval hatching mass had no 
significant effects (Table 1). There was a 
significant maternal-host-by-progeny-host 
interaction (Table 1). Pooled progeny 
reared on the same (Low-P/Low-F1, plus 
High-P/High-F1) rather than the opposite 
(Low-P/High-F1, plus High-P/Low-F1) 
host plant quality as their mother had 
significantly longer forewings (females: t = 
3.1, n = 48, P = 0.004; males: t = 3.1, n = 
48, P = 0.003; Figure 3b). Pupal mass and 
forewing length were positively correlated 
(females: R2 = 0.81, n = 48, P < 0.001; 
males: R2 = 0.86, n = 48, P < 0.001). 
 
Effects of paternal experience on progeny 
performance 
 
Larval duration (F1) was significantly 
affected by sex, host plant quality 
(paternal, F1) as well by larval hatching 
mass, whereas paternal lineage had no 
significant effect (Table 2). Larvae reared 
on high-quality host plants developed 
faster (females: 25.66 ± 0.43 days; males: 
21.51 ± 0.47 days) than larvae raised on 
low-quality host plants (females: 30.12 ± 
0.73 days; t = 5.5, n = 48, P < 0.001; 
males: 25.24 ± 0.59 days; t = 4.6, n = 47, P 
< 0.001) irrespective of paternal host plant 
quality. Furthermore, Low-P/Low-F1 
females developed faster (28.33 ± 0.97 
days) than High-P/Low-F1 females (31.58 
± 0.85 days; Tukey multiple comparison: P 
= 0.03), causing a significant paternal-
host-by-progeny-host interaction (Table 2). 
Pupal mass (F1) was significantly 
affected by sex and pupal mass of 
untreated mothers (P), whereas host plant 
quality (paternal, F1) and larval hatching 
mass had no significant effects (Table 2). 
Paternal lineage had a marginal effect 
(Table 2). There was a significant paternal-
host-by-progeny-host interaction (Table 2). 
Pupal mass of pooled male progeny reared 
on the same (Low-P/Low-F1 plus High-
P/High-F1) rather than the opposite (Low-
P/High-F1 plus High-P/Low-F1) host plant 
quality as their fathers was significantly 
higher in male offspring (t = 2.4, n = 47, P 
= 0.02), whereas there was no significant 
difference in pooled female progeny (t = 
0.9, n = 47, P = 0.36; Figure 3a). Larval 
duration and pupal mass did not 
significantly correlate (females: R2 = 0.13,  
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Figure 3 
 
 
 
Fig. 3 Pupal mass (a) and forewing length (b) of Coenonympha pamphilus males and females of the F1 
generation descending from males and females (P). Progeny was raised on high- and low-quality host 
plants and descended from mothers (maternal effects) or fathers (paternal effects) reared on high- and 
low-quality host plants. The box represents the interquartile range from first to third quartile; the line 
across the box indicates the median and the whiskers show maximum and minimum values; asterisks 
indicate statistical differences between larvae reared on the same (white bar) and the opposite (grey 
bar) host plant quality as their father or mother (ns P > 0.05, *** P < 0.001, two-sided t-test, offspring 
descending from a single mother or father were pooled, see methods, n = 24 for each treatment group, 
except for groups reared on the same host plants as their father n = 23 for each treatment group). Data 
for pupal mass of females (F1) descending from mothers (P) are shown in figure 2.
 
n = 47, P = 0.37; males: R2 = 0.17, n = 47, 
P = 0.26). 
Forewing length (F1) was significantly 
affected by sex and forewing length of 
untreated females (P), whereas paternal 
lineage, larval hatching mass and host 
plant quality (F1) had no significant effects 
(Table 2). Larval host quality of fathers 
had a marginal effect (Table 2). There was 
a significant paternal-host-by-progeny-host 
interaction (Table 2). However, forewing 
length did not differ significantly between 
pooled progeny reared on the same (Low-
P/Low-F1 plus High-P/High-F1) rather than 
the opposite (Low-P/High-F1 plus High-
P/Low-F1) host plant quality as their father 
(females: t = 0.9, n = 47, P = 0.35; males: t 
= 1.7, n = 47, P = 0.10; Figure 3b). Pupal 
mass and forewing length were positively 
correlated (females: R2 = 0.88, n = 47, P < 
0.001; males: R2 = 0.66, n = 47, P < 
0.001). 
 
 
 
 
Discussion 
 
Maternal experience 
 
Progeny reared on the same (Low-
P/Low-F1, High-P/High-F1) rather than the 
opposite (Low-P/High-F1, High-P/Low-F1) 
host plant quality as their mother 
performed significantly better (Figure 2, 3, 
Table 1). This clearly shows that mothers 
acclimatized their progeny to the 
anticipated host plant quality. Highly 
significant maternal-host-by-progeny-host 
interactions emphasized these findings 
(Table 1). Without transgenerational 
acclimatization, our results should have 
shown the negative effects of nitrogen-
poor larval food on all Low-F1 larvae, 
because High-P parents had a higher pupal 
mass and forewing length than Low-P 
parents. However, the nitrogen-poor larval 
food had no negative effects on Low-
P/Low-F1 larvae, and Low-P/Low-F1 
females performed also better than High-
P/Low-F1 females. Our results show not  
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Table 1: Effects of host plant quality of females of the parental generation (P) on progeny (F1) in Coenonympha pamphilus. 
The effect size (R2), F values, P values and degrees of freedom (df) are presented 
 Larval duration (F1) Pupal mass (F1) Forewing length (F1) 
 P F R2 df P F R2 df P F R2 df 
Sex <0.001 49.7 0.37 1,85 <0.001 131.1 0.61 1,83 <0.001 33.8 0.29 1,83 
Host plant quality (F1) <0.001 55.6 0.40 1,85 0.78 0.1 0.00 1,83 0.003 9.4 0.10 1,83 
Host plant quality (P) 0.20 1.7 0.02 1,85 0.41 0.7 0.01 1,83 0.012 6.6 0.07 1,83 
Aux pupal mass (P) 
    0.02 5.6 0.06 1,83     
Aux forewing length (P) 
        0.008 7.4 0.08 1,83 
Maternal lineage 0.33 1.6 0.19 1,5 0.03 8.3 0.62 1,5 0.77 0.1 0.02 1,5 
Larval hatching mass (F1) 0.31 1.0 0.01 1,85 0.61 0.3 0.00 1,83 0.56 0.3 0.00 1,83 
Host plant quality (P) × 
host plant quality (F1) 
    <0.001 39.4 0.32 1,83 <0.001 15.6 0.16 1,83 
Note: Host plant quality (P, F1) is high-nitrogen versus low-nitrogen level. Females (P) were mated with unrelated auxiliary 
males (Aux) fed ad libitum with low-quality host plants. R2 = F(F+df)-1. P values <0.05 are bold. A stepwise model reduction 
of all models was used, with the least significant interactions always removed first (Crawley 2007).  
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Table 2: Effects of host plant quality of males of the parental generation (P) on progeny (F1) in Coenonympha pamphilus. The 
effect size (R2), F values, P values and degrees of freedom (df) are presented 
 Larval duration (F1) Pupal mass (F1) Forewing length (F1) 
 P F R2 df P F R2 df P F R2 df 
Sex <0.001 71.2 0.46 1,82 <0.001 115.2 0.59 1,81 <0.001 42.7 0.35 1,80 
Host plant quality (F1) <0.001 14.8 0.15 1,82 0.13 2.4 0.03 1,81 0.20 1.7 0.02 1,80 
Host plant quality (P) 0.027 5.1 0.06 1,82 0.50 0.5 0.01 1,81 0.09 3.0 0.04 1,80 
Aux pupal mass (P) 
    0.01 7.6 0.09 1,81     
Aux forewing length (P) 
        <0.001 12.6 0.14 1,80 
Paternal lineage 0.72 0.1 0.03 1,5 0.09 4.3 0.46 1,5 0.13 3.3 0.40 1,5 
Larval hatching mass (F1) 0.032 4.8 0.05 1,82 0.17 1.9 0.02 1,81 0.19 1.8 0.02 1,80 
Host plant quality (P) × 
host plant quality (F1) 
0.01 6.6 0.07 1,82 0.04 4.5 0.05 1,81 0.02 5.7 0.04 1,80 
Note: Host plant quality (P, F1) is high-nitrogen vs. low nitrogen-level. Males (P) were mated with unrelated auxiliary females 
(Aux) fed ad libitum with low-quality host plants. R2 = F(F+df)-1. P values <0.05 are bold. A stepwise model reduction of all 
models was employed, with the least significant interactions always removed first (Crawley 2007). 
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only that Low-P/Low-F1 larvae can 
compensate for low-quality larval food 
owing to maternal experience, but also that 
the High-P/High-F1 females performed 
significantly better than the Low-P/High-
F1 females, although both groups were 
raised on nitrogen-rich host plants. 
Furthermore, contrary to intuition, Low-
P/Low-F1 larvae achieved the same pupal 
mass as High-P/High-F1 larvae, and Low-
P/Low-F1 females even had a higher pupal 
mass than Low-P/High-F1 females, despite 
the low nitrogen content in low-quality 
host plants. Obviously, mothers adjusted 
the ability of their progeny's food intake or 
efficiency of larval nitrogen utilization 
according to their own experienced host 
plant quality, thereby adjusting their 
progeny also to the anticipated future host 
plant quality encountered by their 
offspring. Thus, maternal experience 
primarily determined larval performance in 
our experiment. By contrast, other studies 
that attempted to show transgenerational 
acclimatization often found strong effects 
of the progeny's immediate host plant 
instead of transgenerational 
acclimatization owing to parental 
experience (Via 1991; Spitzer 2004; 
Amarillo-Suarez and Fox 2006; Or and 
Ward 2007; Mc Lean et al. 2009). 
Furthermore, pupal mass of female 
offspring was more strongly affected by 
maternal transgenerational acclimatization 
than pupal mass of male progeny, as can 
be seen in the distinct difference between 
treatment groups (Figure 2, 3a). Pupal 
mass of males (F1) either was less variable 
than female pupal mass, because C. 
pamphilus males are generally smaller than 
females and may have a smaller range to 
vary their pupal mass, or maternal 
experience was more strongly mediated 
within the same sex than from females (P) 
to males (F1). 
 
Paternal experience 
 
While maternal effects are widely 
recognized as important contributors to 
offspring phenotypes, transgenerational 
acclimatization to host plants based on 
paternal experience has been little studied 
(Futuyma et al. 1993; Fox et al. 1995). 
However, many insects have a mating 
system in which males transfer nutrients 
and other chemical compounds such as 
hormones and enzymes to females at 
mating, which may affect reproduction and 
accordingly offspring (Bissoondath and 
Wiklund 1996; Cahenzli and Erhardt 
2013). Experiments to find 
transgenerational acclimatization in S. 
limbatus beetles showed symmetry 
between the magnitude of paternal and 
maternal host effects on survivorship of 
progeny (Fox et al. 1995). In our study, 
similarly to maternal effects, paternal host 
quality experience increased pupal mass of 
male offspring reared on the same host 
quality as their fathers (Figure 3a). 
However, in contrast to male offspring, 
paternal experience had no detectable 
effect on female progeny (Figure 3), and 
paternal effects were weaker than maternal 
effects (Table 1, 2). This suggests that 
maternal effects are generally more 
important than paternal effects. However, 
paternal experience could compensate for 
the limited effect of maternal experience 
on male progeny, as the expression of 
genes or chromosomes can depend on the 
sex through which the chromosome is 
transmitted (Jablonka and Lamb 1989). 
Correspondingly, maternal and paternal 
effects of Ophraella notulata beetles 
reared on different host plants were not 
independent of each other, but 
transgenerational acclimatization was not 
found in that species (Futuyma et al. 
1993). 
 
Biological implications 
 
Previous studies that have attempted to 
show transgenerational acclimatization 
found only direct effects of progeny host 
(Via 1991; Spitzer 2004; Amarillo-Suarez 
and Fox 2006; Or and Ward 2007; Mc 
Lean et al. 2009) or parental effects 
independent   from   progeny’s   rearing   host  
on offspring performance (Futuyma et al. 
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1993; Fox et al. 1995; Fox 1997; Amarillo-
Suarez and Fox 2006). Transgenerational 
acclimatization to host plants possibly 
occurs primarily within a host species 
rather than between different host species 
with differing chemical and physiological 
attributes. This is supported by a hint for 
transgenerational acclimatization found in 
P. rapae females, which were reared on 
artificial diets differing only in nitrogen 
concentration (Rotem et al. 2003). Females 
altered patterns of egg size and possibly 
egg provisioning based on their food 
quality and influenced progeny, even 
though only early during its development 
and without ultimate positive effects on 
fitness (Rotem et al. 2003). 
Of course we cannot neglect the general 
role of random genetic inheritance, as 
lineage and maternal and paternal 
characteristics of the auxiliary parental 
mating partners also significantly affected 
progeny (Table 1, 2). Adaptive maternal 
effects and genetic inheritance act together 
(Fox et al. 1995). Genetic fixation of a trait 
is appropriate in stable environments with 
a constant quantity and quality of 
resources, but resource-based 
transgenerational acclimatization is 
favourable for quick adaptation from one 
generation to the next. For example, host 
plant quality can vary over time, and when 
host plant quality changes with a higher 
rate than genetic adaptation to altered host 
conditions occurs in herbivores, 
transgenerational acclimatization could 
enable temporary adaptation to the altered 
host plant quality. Furthermore, C. 
pamphilus lives on spatially patchy 
distributed meadow types and small 
fragmented habitats, all differing 
considerably in nutritional quality 
(Lepidopterologen-Arbeitsgruppe 1987; 
Koch 1991). In addition, C. pamphilus 
males often reproduce in restricted 
territories (Wickman 1985), and mated 
females are relatively immobile and often 
walk on the ground for oviposition instead 
of flying long distances (Wickman 1986). 
It is therefore likely that offspring develop 
within the same patch and accordingly on 
the same host plant quality as their parents. 
Thus, transgenerational acclimatization 
may enhance local adaptation to greatly 
diverse habitats of C. pamphilus. Clearly, 
transgenerational acclimatization is of 
immense ecological interest, because 
improved adaptation of an organism to its 
resources increases its fitness. This, in 
turn, influences population size and 
mortality, and finally even alters dynamics 
of entire populations (Rossiter 1991).  
Coenonympha pamphilus females as well 
as females of other Satyrid butterflies often 
do not discriminate between oviposition 
sites (Wiklund and Karlsson 1984), 
presumably because they reproduce within 
spatially restricted habitats with a 
consistent host plant quality. By contrast, 
oviposition choice could be an important 
factor for transgenerational acclimatization 
in other insect species, because 
acclimatized progeny located on a different 
host plant quality as their parents suffers 
from decreased fitness (Figures 2, 3). 
Contrary to intuition, Low-P females 
should therefore oviposit on low-quality 
host plants rather than on high-quality 
plants. Several theories, like the 'Hopkins 
host selection principle' (Hopkins 1917), 
the 'neo- Hopkins principle' (Jaenike 1983) 
and 'chemical legacy' (Corbet 1985), 
actually suggest that maternal host plants 
can influence oviposition choice, but 
evidence for this effect is controversial 
(Janz et al. 2009; Facknath and Wright 
2007; Barron 2001). If females lay their 
eggs indeed on the same host plant type 
they were acclimatized to and on which 
they acclimatize their progeny, host-race 
formation could be influenced when 
correlations between oviposition choices 
and larval performance are maintained in a 
randomly mating population through 
maternal host experience (Fox et al. 1995). 
Such interactions could result in a runaway 
process that facilitates sympatric speciation 
in systems where oviposition choices 
determine the environment for offspring 
development (Diehl and Bush 1989; Wade 
1998). Divergent host plant use can also 
cause assortative mating by phenotypically 
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altering traits involved in mate recognition. 
For instance, male mustard leaf beetles 
Phaedon cochleariae preferred to mate 
with females reared on the same rather 
than a different host plant species 
(Geiselhardt et al. 2012). 
Transgenerational acclimatization to host 
plants in herbivorous insects was 
postulated for a long time, but has not been 
shown to date despite intense research and 
its profound implications for ecological 
and evolutionary processes (Spitzer 2004; 
Mc Lean et al. 2009). This process, 
verified for the first time in this study, 
requires more investigation in other insect-
host plant interactions, because 
transgenerational acclimatization could 
generally affect the coexistence between 
plants and insects, two of the most diverse 
groups of living organisms united by 
intricate relationships. 
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Chapter 6 
 
Female butterflies adapt and allocate their progeny to the host plant quality 
of their own larval experience  
 
Abstract 
 
Recent studies with diverse taxa have 
shown that parents can utilize their 
experience of the environment to adapt 
their   offspring’s   phenotype   to   the   same  
environmental conditions. Thus, offspring 
would then perform best under 
environmental conditions experienced by 
their parents due to transgenerational 
phenotypic plasticity. Such an effect has 
been dubbed transgenerational 
acclimatization. However, evidence that 
parents can subsequently ensure the 
appropriate environmental conditions in 
order that offspring benefit from 
transgenerational acclimatization has never 
been demonstrated. We reared Pieris rapae 
larvae in the parental generation on high- 
and low-nitrogen host plants, and reared 
the offspring (F1) of both treatments again 
on high- and low-nitrogen plants. 
Furthermore, we tested if females prefer to 
oviposit on high- or low-nitrogen host 
plants in two-way choice tests. We here 
show not only that females adapt their 
offspring’s   phenotype   to   the   host   plant  
quality that they themselves experienced, 
but that females also mainly oviposit on 
the host quality to which they adapt their 
offspring. Moreover, effects of larval host 
plant on oviposition preference of females 
increased across two generations, showing 
an adaptive host-shift from one generation 
to the next. These findings may have 
profound implications for host-race 
formation and sympatric speciation. 
 
Key words: butterfly reproduction; 
Hopkins' host selection principle; host-
shift; maternal effects; oviposition; 
transgenerational acclimatization; 
phenotypic plasticity 
 
 
 
Introduction 
 
In some ecological circumstances the 
current environment can provide cues 
about the environment that will be 
encountered by the next generation 
(Mousseau and Fox 1998a). We might 
expect parents to utilize this information to 
produce offspring through 
transgenerational phenotypic plasticity that 
are adapted to the specific conditions that 
their own experience predicts in order to 
increase offspring fitness (Mousseau and 
Fox 1998b). Such an effect has been 
dubbed transgenerational conditioning or 
acclimatization (Fox et al. 1995; Mousseau 
and Fox 1998a, 1998b; Spitzer 2004). 
When parental and offspring 
environmental conditions are positively 
correlated, transgenerational 
acclimatization would augment offspring 
performance by adapting those offspring to 
the environment experienced by their 
parents. It should be detectable as a two-
way parental-environment-by-progeny-
environment interaction on progeny 
performance (Fox et al. 1995; Spitzer 
2004; Salinas and Munch 2012).  
There is a growing number of studies 
with diverse taxa showing that parents do 
indeed utilize their experience of the 
environment to produce offspring that are 
phenotypically adapted to the same 
environmental conditions (Bashey et al. 
2006; Plaistow et al. 2006; Yoder et al. 
2006; Blödner et al. 2007; Galloway and 
Etterson 2007; Marshall 2008; Sultan et al. 
2009; Salinas and Munch 2012; Cahenzli 
and Erhardt 2013; Latzel et al. 2014). 
Good examples come from the bryozoan 
Bugula neritina (Marshall 2008) and from 
sheepshead minnows Cyprinodon 
variegatus (Salinas and Munch 2012). In 
the bryozoans, there was a strong 
interaction between the copper 
 78  
concentrations in the maternal and larval 
environment in their effects on the survival 
of offspring in copper-polluted water. 
Offspring from toxicant-exposed mothers 
had lower mortality in water with high 
levels of copper than progeny of toxicant-
naïve mothers, whereas there was no effect 
on mortality when offspring were grown in 
unpolluted water. In the minnows, there 
was a significant interaction between 
parental and offspring water temperature in 
their effect on offspring growth. Progeny 
from parents kept in high and low 
temperature water grew best at high and 
low temperatures, respectively.  
Transgenerational acclimatization is only 
adaptive when parental and offspring 
environments are positively correlated. 
Therefore in species that undergo such 
acclimatization, we might also expect to 
see the evolution of traits that generate or 
enhance such a correlation. This raises the 
question as to whether or not females 
might prefer to place their progeny in 
environments to which their offspring will 
be acclimatized, perhaps even if those 
environments are suboptimal in some 
overall sense. Maternal behavior of this 
nature could have profound implications 
for our understanding of evolutionary and 
ecological processes (Fox et al. 1995; 
Mousseau and Fox 1998a; Spitzer 2004). 
Relationships between phytophagous 
insects and their host plants are ideal to 
investigate this question for two reasons. 
First, because generation times are 
sufficiently short that maternal experience 
can often predict offspring environment 
(Spitzer 2004), and, second, because it is 
possible to measure maternal oviposition 
preferences and offspring performances 
independently of each other. These 
features of herbivorous insects allow 
investigation of the potential roles of 
transgenerational acclimatization, in 
coordination with selective oviposition 
behavior, in host-race formation, host-
shifts and sympatric speciation. We 
already know that some herbivorous 
insects prefer to oviposit on the host 
quality that they themselves experienced as 
larvae (Akhtar and Isman 2003; Chow et 
al. 2005; Moreau et al. 2008), even though 
the underlying mechanisms of this 
behavior and the plausibility for a general 
hypothesis for host selection are debated 
(Janz et al. 2008). Our own prior work 
shows that females can, through 
transgenerational acclimatization, produce 
offspring that are phenotypically adapted 
to the host quality experienced by their 
parents (Cahenzli and Erhardt 2013). If we 
consider these results together, we see that, 
both oviposition choice and offspring 
performance, can be affected by maternal 
host plant experience. However, no studies 
have yet addressed both traits in a 
conclusive experimental design. When 
females prefer to lay their eggs on the 
same host plant type to which they were 
acclimatized and to which they acclimatize 
their progeny (Fox et al. 1995), the 
possibility arises of a runaway process that 
facilitates sympatric speciation (Diehl and 
Bush 1989; Wade 1998).  
Previous studies investigating 
relationships between female oviposition 
choice and offspring performance have not 
considered potential transgenerational 
acclimatization (see references in 
Gripenberg et al. 2010). Neither have 
studies testing for transgenerational 
acclimatization asked whether offspring 
are selectively placed on resources to 
which they are acclimated. Here, we 
combine these questions, for what we 
believe is the first time, by asking whether 
mothers can indeed align both the 
adaptation and allocation of their progeny 
to the environmental conditions that their 
own experience predicts those progeny to 
encounter. We expect (1) that females 
prefer to oviposit on the host plant quality 
that they themselves experienced, and (2) 
that larval performance of offspring (F1) on 
high- and low-nitrogen plants depends on 
maternal experience, resulting in 
significant maternal-host-by-progeny-host 
interactions on   progeny’s   larval  
performance.  
 
 79  
Materials and methods 
 
Study species 
 
Our prior demonstration of 
transgenerational acclimation used the 
grass-feeding butterfly Coenonympha 
pamphilus (Cahenzli and Erhardt 2013). 
Unfortunately, these insects were not 
suitable for our current incorporation of 
oviposition host preferences into 
transgenerational studies, since it is not 
clear that they respond primarily to host 
quality when choosing oviposition sites 
(Wiklund 1984). For this reason we 
switched study species to Pieris rapae 
(Lepidoptera: Pieridae), a multivoltine 
butterfly that undergoes up to four 
generations per year in central Europe 
(Lepidopterologen-Arbeitsgruppe 1987). 
P. rapae larvae feed on various wild and 
cultivated Brassicaceae (Lepidopterologen-
Arbeitsgruppe 1987). The large variety of 
larval host plants, intraspecific differences 
in host plant nitrogen content and multiple 
generations per year render P. rapae a 
suitable candidate to investigate potential 
effects of transgenerational 
acclimatization, including effects of larval 
host plant experience on adult oviposition 
choice.  
As larval host plants for P. rapae we 
used Brassica oleracea convar. capitata. It 
is known that fertilization increases foliar 
nitrogen content of host plants and 
generally enhances larval development in 
butterflies (e. g. Slansky and Feeny 1977; 
Schoonhoven et al. 2006; Cahenzli and 
Erhardt 2013). Therefore, we focused on 
nitrogen levels as a measure of host plant 
quality.  
 
Larval rearing  
 
Larval food plants were grown in 1 litre 
plastic pots filled with nutrient-poor soil 
(seeding compost, Compo Sana, 
Switzerland). Plants were grown in a 
greenhouse with a day/night cycle of 
25ºC/20 ºC. High-nitrogen larval food 
plants (high) were fertilized once a week 
(N:P:K = 1:1:1). The low-nitrogen larval 
food plants (low) received only water. 
Plant nitrogen content was analyzed using 
a CHN analyzer.  
Five P. rapae females were caught in the 
wild between Biel-Benken, Allschwil and 
Oberwil   BL   47°   31′   N,   7°   33′   E, 
Switzerland. Their offspring comprised the 
parental generation in our experiments. 
Offspring of each wild-caught female were 
randomly divided into two groups, with 
one group assigned to the high-nitrogen 
host plants and the other to the low-
nitrogen host plants. Larvae from each 
wild-caught female were reared in groups 
of ten until they were four days old and 
thereafter kept singly in individual Petri 
dishes. Larvae reared on high-nitrogen host 
plants (High-P) received high-nitrogen 
host plants ad libitum in Petri dishes, 
whereas food quantity of last instar larvae 
of the parental generation raised on low-
nitrogen host plants (Low-P) was limited 
to the amount ingested by High-P larvae. 
This approach was chosen to ensure low-
nitrogen availability to Low-P larvae, 
because larvae given food ad libitum may 
compensate for low nitrogen by ingesting 
higher quantities of food (Slansky and 
Feeny 1977; Rotem et al. 2003). Pupae 
were detached from plant material and 
were kept in individual cups until 
emergence. 
We mated 11 freshly emerged high-P 
and 10 low-P females with unrelated males 
from the same larval treatment. From each 
mother (P), fifteen larvae (F1) were 
randomly chosen for assignment to high-
nitrogen hosts (High-F1) and fifteen to 
low-nitrogen hosts (Low-F1). These larvae 
constituted the F1 generation. Data from 
same-sex F1 offspring of a single mother 
(P) were pooled. By this means we 
obtained a sample size of n = 42 female F1-
offspring (11 High-P/High-F1, 11 High-
P/Low-F1, 10 Low-P/High-F1, 10 Low-
P/Low-F1) and n = 42 male F1-offspring 
(11 High-P/High-F1, 11 High-P/Low-F1, 
10 Low-P/High-F1, 10 Low-P/Low-F1), 
resulting in a total sample size of n = 84 
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(42 F1-females plus 42 F1-males) to test for 
maternal effects on F1-offspring.  
  
Oviposition choice 
 
Mated females were placed in individual 
nylon mesh cages (20 cm x 60 cm x 40 
cm), each containing a single potted low-
nitrogen host and a single high-nitrogen 
plant of similar size. A potted Aster spp. 
was also provided in each cage for adult 
nectar feeding. The low- and high-nitrogen 
plants were placed as far as possible from 
each other and the nectar plants were 
positioned in the middle. Each test lasted 
48 hours and positions of high- and low-
nitrogen host plants were exchanged 
within each cage at the beginning of the 
second day to control for possible position 
effects. Oviposition choice of each female 
was calculated as the number of eggs laid 
on high-nitrogen host plants divided by 
total number of eggs laid. 
 
Performance parameters 
 
We recorded larval duration (number of 
days from eclosion to pupation), pupal 
mass on the day after pupation (mg) and 
forewing length within 24h after 
emergence (mm; lateral wingspan of the 
left forewing). Larval duration was 
measured because prolonged larval 
duration may increase the exposure time to 
predators, parasites and other adverse 
factors (Clancy and Price 1987; Williams 
1999). Furthermore, pupal mass is an 
appropriate indicator for butterfly fitness, 
since male (Ferkau and Fischer 2006) and 
female (Cahenzli and Erhardt 2012) mass 
is correlated with fecundity. We also 
measured forewing length, since forewing 
geometry affects flight performance 
(Berwaerts et al. 2002), which can be 
important for dispersal, foraging, 
reproduction and predator avoidance.  
 
Statistical analysis 
 
Effects of nutrient-level treatment on 
host plant nitrogen level and fitness-traits 
in the parental generation (P) were 
analyzed with two-tailed t-tests. Two-
tailed t-tests were also used to test for 
differences between the number of eggs 
laid on high- and low-nitrogen host plants. 
Furthermore, we used generalized linear 
mixed-effects models (Crawley 2007, 
Pinheiro and Bates 2000) to test for factors 
affecting maternal oviposition choice (P). 
The model used the categorical variable 
host plant quality of mothers (P) and the 
continuous variables female pupal mass 
and pupal mass of mating partners. 
Because related individuals (individuals 
from the same maternal lineage) are not 
independent of each other, effects and 
interactions were tested against the random 
factor lineage (Crawley 2007). Correlation 
analyses were used to test if maternal 
pupal mass (P) and female oviposition 
choice (P) were correlated within maternal 
feeding treatments.  
Generalized linear mixed-effects models 
were used to test for effects of 
transgenerational acclimatization on 
fitness-traits in the offspring generation 
(F1). The models used the categorical 
variables sex, host plant quality of mothers 
(P) and host plant quality of progeny (F1). 
To account for inherited parental 
characteristics, the models also included 
maternal lineage as a random factor 
(Crawley 2007), plus the continuous 
covariates pupal mass or forewing length 
of fathers, depending on the fitness-trait 
analyzed (Table 1).  
A stepwise model reduction was 
employed, with the least significant 
interactions always removed first (Crawley 
2007). Tukey-Kramer’s  HSD  comparisons  
were performed to test for differences 
among the four treatment groups (High-
P/High-F1, High-P/Low-F1, Low-P/High-
F1, Low-P/Low-F1)  in larval duration, 
pupal mass or forewing length. P values < 
0.05 were considered as statistically 
significant. All statistical analyses were 
calculated with R Statistical Software 
version 2.14.1 (R Development Core Team 
2011). 
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Fig. 1 Number of eggs laid on high-nitrogen (grey bars) or low-nitrogen host plants (white bars) by 
Pieris rapae females of the parental generation (A) and females of the F1 generation raised on low-
nitrogen larval host plants and descending from mothers reared on low-nitrogen host plants (Low-
P/Low-F1) (B). Females of the parental generation (High-P vs. Low-P) were raised on high- and low-
nitrogen host plants. The box represents the interquartile range from first to third quartile, the line 
across the box indicates the median and the whiskers show the maximum and minimum values. 
Different letters indicate significant differences between treatment groups (P < 0.05, n = 11 for High-P 
females, n = 10 for Low-P females; n = 13 for Low-P/Low-F1 females). 
 
 
Results 
 
Host plant quality 
Fertilized B. oleracea plants (5.59 ± 0.31 
g nitrogen /  100 g dry weight) had a 
significantly higher leaf nitrogen content 
than unfertilized plants (0.67 ± 0.09 g 
nitrogen / 100 g dry weight; t = 15.13, n = 
20, P < 0.001). 
 
Butterfly parental generation 
 
Female as well as male butterflies reared 
on high-nitrogen host plants had a 
significantly shorter larval duration, higher 
pupal mass and longer forewings than 
butterflies raised on low-nitrogen host 
plants (Table 2). 
Oviposition choice was significantly 
affected by maternal larval host plant  
 
nitrogen level (F1,13 = 9.92, P = 0.008). 
Females reared on high-nitrogen host 
plants laid significantly more eggs on high-
nitrogen host plants than on low-nitrogen 
host plants (Fig. 1a). In contrast, females 
reared on low-nitrogen host plants 
accepted high- and low-nitrogen plants 
equally (Fig. 1a).  
We also found an apparent effect on host 
choice of female pupal mass (F1,13 = 7.44, 
P = 0.02). However, this effect 
disappeared when we analyzed it 
separately within low-nitrogen (R2 = 0.17, 
n = 10, P = 0.24) and high-nitrogen 
treatments (R2 = 0.04, n = 11, P = 0.56).  
Finally, we found no significant effects on 
host choice of maternal lineage (F1,3 = 
0.02, P = 0.89) or pupal mass of mating 
partners (F1,13 = 2.01, P = 0.18). 
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Fig. 2 Pupal mass of Pieris rapae females (A) and males (B) of the F1 generation. Progeny (F1) was 
raised on high-nitrogen (grey bars) and low-nitrogen host plants (white bars) and descended from 
mothers reared on high-nitrogen (High-P) and low-nitrogen host plants (Low-P). The box represents 
the interquartile range from first to third quartile, the line across the box indicates the median and the 
whiskers show the maximum and minimum values; different letters indicate significant differences 
between treatment groups (P < 0.05, n = 11 for each High-P treatment group, n = 10 for each Low-P 
treatment group). 
 
F1 generation 
 
Larval duration (F1) was significantly 
affected by host plant nitrogen level (F1), 
whereas sex, host plant nitrogen level of 
mothers (P) and maternal lineage had no 
significant effects (Table 1). Tukey 
multiple comparisons revealed that High-
P/High-F1 larvae (14.75 ± 0.39 days) 
developed significantly faster than High-
P/Low-F1 larvae (18.62 ± 0.67 days, P < 
0.001), and Low-P/High-F1 larvae (16.09 ± 
0.66 days) developed significantly faster 
than Low-P/Low-F1 larvae (18.46 ± 0.66 
days; P = 0.047).  
Pupal mass (F1) was significantly 
affected by sex and host plant nitrogen 
level (F1), whereas maternal host plant 
nitrogen level (P), maternal lineage and 
pupal mass of fathers had no significant 
effect (Table 1). There was a significant 
maternal-host-by-progeny-host interaction 
(Table 1). High-P/High-F1 larvae had a  
 
 
 
significantly higher pupal mass than High-
P/Low-F1 larvae, whereas Low-P/Low-F1  
 
offspring achieved the same pupal mass as 
Low-P/High-F1 progeny (Fig. 2). 
Furthermore, Low-P/Low-F1 males had a 
significantly higher pupal mass than High-
P/Low-F1 males (Fig. 2b).  
Forewing length (F1) was significantly 
affected by host plant nitrogen level (F1), 
whereas sex, maternal host plant nitrogen 
level (P), maternal lineage and forewing 
length of fathers had no significant effect 
(Table 1). There was a significant 
maternal-host-by-progeny-host interaction 
(Table 1). Tukey multiple comparisons 
revealed that High-P/High-F1 butterflies 
had significantly longer forewings (20.77 ± 
0.18 mm) than High-P/Low-F1 butterflies 
(19.19 ± 0.15 mm; P < 0.001), whereas 
Low-P/Low-F1 butterflies (19.83 ± 0.18 
mm) achieved the same forewing length as 
Low-P/High-F1 offspring (20.42 ± 0.13 
mm, P = 0.18). Low-P/Low-F1 females laid 
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Table 1: Effects of host plant nitrogen level of females of the parental generation (P) on progeny (F1) in Pieris rapae. The effect 
size (R2), F values, P values and degrees of freedom (df) are presented 
 Larval duration (F1) Pupal mass (F1) Forewing length (F1) 
 P F R2 df P F R2 df P F R2 df 
Sex 0.76 0.08 0.00 1,75 <0.001 22.25 0.23 1,73 0.12 2.51 0.00 1,73 
*Host plant quality (F1) <0.001 48.60 0.39 1,75 <0.001 59.54 0.45 1,73 <0.001 48.00 0.40 1,73 
*Host plant quality (P) 0.18 1.87 0.02 1,75 0.10 2.83 0.04 1,73 0.35 0.87 0.01 1,73 
Paternal pupal mass     0.16 2.03 0.03 1,73     
Paternal forewing length         0.10 2.79 0.04 1,73 
Maternal lineage 0.63 0.23 0.08 1,3 0.45 0.76 0.20 1,3 0.80 0.08 0.02 1,3 
*Host plant quality (P) × 
host plant quality (F1) 
    0.001 11.49 0.14 1,73 0.002 10.0 0.12 1,73 
*Host plant nitrogen level (P, F1) is high-nitrogen vs. low-nitrogen level. R2 = F(F+df)-1. P values <0.05 are bold. A stepwise 
model reduction of all models was employed, with the least significant interactions always removed first (Crawley 2007).  
 
Table 2: Effects of host plant nitrogen level on Pieris rapae butterflies in the parental 
generation (P). 
 Low-nitrogen High-nitrogen n P t 
♀ Larval duration (days) 24.00 ± 0.33 20.00 ± 0.42 21 <0.001 7.47 
♂ Larval duration (days) 21.50 ± 0.37 15.55 ± 0.25 21 <0.001 13.31 
♀ Pupal mass (mg) 96.79 ± 1.83 149.58 ± 3.22 21 <0.001 15.68 
♂ Pupal mass (mg) 110.14 ± 5.44 180.19 ± 2.48 21 <0.001 11.71 
♀ Forewing length (mm) 17.42 ± 0.19 20.49 ± 0.20 21 <0.001 11.08 
♂ Forewing length (mm) 17.29 ± 0.38 21.44 ± 0.14 21 <0.001 10.29 
Butterflies were raised on high-nitrogen or low-nitrogen host plants. 
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significantly more eggs on low-nitrogen 
host plants than on high-nitrogen plants (t 
= 5.66, n = 13, P < 0.001; Fig. 1b).  
 
Discussion 
 
Maternal experience enhances offspring 
fitness 
 
According to our knowledge this study 
shows for the first time that P. rapae 
females can indeed align the adaptation 
and allocation of their progeny to the 
environmental conditions that their own 
experience predicted in order to realize 
maximum offspring fitness. Oviposition 
choices of parental generation females 
reared on different host plant qualities 
differed significantly (Fig. 1a). Females 
reared on high-nitrogen host plants (High-
P) preferred to oviposit on high-nitrogen 
plants, whereas Low-P females equally 
accepted high- and low-nitrogen host 
plants for oviposition. Correspondingly, 
these females acclimatized their progeny to 
the different host plants based on their own 
larval host experience (Fig. 2), indicated 
by highly significant maternal-host-by-
progeny-host interactions on progeny 
performance (Table 1). Low-P/Low-F1 
larvae performed as well as Low-P/High-
F1 larvae, despite the lower nutritional 
quality of low-nitrogen host plants in the 
F1 generation (Fig. 2). Furthermore, Low-
P/Low-F1 males performed significantly 
better than High-P/Low-F1 males (Fig. 2b), 
although both treatment groups were 
reared on low-nitrogen host plants. Thus, 
patterns of larval performance (F1) 
reflected patterns of maternal oviposition 
choice (P) (Fig. 1, 2). Moreover, effects of 
larval host plant on oviposition preference 
increased across the two generations of our 
experiment. In contrast to Low-P females, 
Low-P/Low-F1 females that were 
acclimatized to low-nitrogen host plants 
clearly prefered to oviposit on low-
nitrogen plants (Figure 1), indicating an 
adaptive process. 
 
Hopkins' host selection principle and 
transgenerational acclimatization 
 
It has long been known that herbivorous 
insect larvae can become conditioned to 
perform well on their hosts and also learn 
to prefer them, or that adults learn to find 
and/or prefer particular hosts for 
oviposition (review in Jermy 1987). A few 
exceptions exist, in which feeding on one 
host causes acceptability for that host to 
decline with experience (e. g. Lee and 
Bernays 1988; Mader et al. 2012). As early 
as 1917, Hopkins suggested that adult 
herbivorous insects should prefer to 
oviposit on the plants they had encountered 
as larvae ("Hopkins' host selection 
principle" HHSP) (Hopkins 1917). In 
contrast to the HHSP, one of the major 
well-documented assumptions in the 
theory on the evolution of insect 
oviposition behavior is that females select 
suitable host plants that maximize 
offspring fitness (Thompson & Pellmyr 
1991). Females should therefore oviposit 
on the best available host species and not 
rely on their larval experience for 
oviposition choices (Janz et al. 2008). 
Most studies actually failed to support the 
HHSP (Wiklund 1974; Tabashnik et al. 
1981; Williams 1983; Rojas and Watt 
1999; Liu and Liu 2006; Murphy 2007; 
Janz et al. 2008; but see Akhtar and Isman 
2003; Chow et al. 2005; Moreau et al. 
2008). However, if mothers adapt their 
offspring to the environmental conditions 
that their own experience predict, it is 
essential that they  also allocate their 
progeny accordingly. Indeed, in contrast to 
most previous studies that failed to support 
the HHSP, we can clearly demonstrate this 
process, coordinated with transgenerational 
acclimatization in P. rapae (Fig. 1, 2). 
Generally, both processes, HHSP and 
transgenerational acclimatization, are only 
adaptive in accordance with each other. 
Neither unadapted offspring located on the 
parental host, nor progeny adapted to the 
parental host, but located randomly on host 
plants will have a fitness advantage. 
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As few authors have sought effects of 
larval experience on oviposition in 
alignment with transgenerational 
acclimatization, this aspect of our 
experimental design is novel and we 
cannot know whether our result would 
apply in many cases. In the only 
comparable study of which we know 
(Akhtar and Isman 2003), maternal and 
offspring diet differed, restricting 
conclusions regarding potential 
transgenerational acclimatization.  
Interestingly, transgenerational 
acclimatization to host plants was only 
hinted at (Rotem et al. 2003) and finally 
verified in trials with different qualities 
within one host species rather than 
between different host species (Cahenzli 
and Erhardt 2013). The few studies 
actually showing evidence for the HHSP 
were also conducted with different host 
qualities within one host plant species, 
however without taking transgenerational 
acclimatization into account (Akhtar and 
Isman 2003; Chow et al. 2005; Moreau et 
al. 2008). In contrast, all studies using 
different plant species failed to support the 
HHSP (Wiklund 1974; Tabashnik et al. 
1981; Williams 1983; Rojas and Watt 
1999; Liu and Liu 2006; Murphy 2007; 
Janz et al. 2008). These findings suggest 
that females may only prefer to oviposit on 
the host quality that they themselves 
experienced as larvae (HHSP) when they 
can also adapt their offspring to this host 
(transgenerational acclimatization), 
emphasizing an alignement of the HHSP 
with transgenerational acclimatization in 
phytophagous insects. 
 
Host shift 
 
P. rapae and P. brassicae females show 
reduced oviposition on plants that already 
carry conspecific eggs (Schoonhoven et al. 
2006), most likely to reduce the risk of 
inter- or intraspecific competition and 
parasitism, and to avoid harmful plant 
defence triggered by prior conspecific 
larvae (Geiselhardt et al. 2013). Thus, 
acceptance of low-nitrogen hosts for larval 
development due to transgenerational 
acclimatization as found in our study 
greatly broadens the range of suitable host 
plants.  
The expansion of Low-P females to low- 
nitrogen host plants could represent a first 
step in the formation of a new host race, 
since effects of larval host plant on 
oviposition preference increased across the 
two generations of our experiment (Fig. 1). 
In a second step, females that prefer and 
perform well on low-nitrogen plants could 
shift to other host plant species providing 
similar characteristics. Both finding and 
being able to develop on new host species 
seem more likely if the new host species 
has similar characteristics as hosts within 
the former host range of a phytophagous 
insect (Nylin and Janz 2009). Indeed, host 
shifts between more closely related plants 
seem to happen more frequently (Janz and 
Nylin 1998). Host shifts in turn are viewed 
as an important step in sympatric 
speciation (Drès and Mallet 2002). 
Divergent host plant use can also cause 
assortative mating by phenotypically 
altering traits involved in mate recognition. 
For instance, male mustard leaf beetles 
Phaedon cochleariae preferred to mate 
with females reared on the same rather 
than a different host plant species 
(Geiselhardt et al. 2012).  
 
Conclusion 
 
Our results show that mothers 
experiencing predictive cues in their 
environment can indeed select the correct 
environmental conditions for their 
offspring and adjust   progeny’s   phenotype  
to the conditions that their own experience 
predicts. Transgenerational acclimatization 
in coordination with selective offspring 
allocation, in this case the larval 
performance and the oviposition behavior 
of phytophagous insects, is of essential 
ecological interest because improved 
adaptation of an organism to its resources 
increases its fitness. This in turn influences 
population size and mortality, alters 
dynamics of entire populations (Rossiter 
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1991) and may lead to sympatric 
speciation. 
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Summary and general conclusions 
 
Chapters one to three and chapter five 
and six emphasize the importance of larval 
nitrogen acquisition. In butterflies, 
nitrogen is mainly acquired during the 
larval stage (Boggs 1981), since larval host 
plants have a significantly lower carbon-
nitrogen ratio than adult food sources like 
floral nectar (Schoonhoven et al. 2006). 
Resources acquired during the larval stage 
directly affect fecundity in butterfly 
species emerging with all eggs yolked, but 
larval-derived nutrients can also indirectly 
affect butterfly fecundity through stored fat 
bodies in species that have only a few or 
no eggs ready upon emergence (Boggs 
1997b). Chapters one to three and chapter 
five and six showed that males and females 
reared with limited amounts of nitrogen in 
their larval food suffered from a lower 
pupal mass and forewing length, and 
females emerging with restricted larval 
reserves laid fewer eggs than females 
raised with an optimal nitrogen supply. 
Furthermore, males reared on nitrogen-
poor larval host plants provided poorer 
nuptial gifts, since females mated to low-
quality males were obviously faced with a 
trade off between offspring quality and 
quantity. In contrast, females mated to 
males reared under unconstrained larval 
food conditions could use male-derived 
nuptial gifts to increase offspring hatching 
mass while progeny number did not 
decrease. These results support previous 
studies on effects of larval nitrogen 
acquisition for larval development and 
reproduction in butterflies (e. g. 
Bissoondath and Wiklund 1996; Boggs 
1997a; Mevi-Schütz et al. 2003; Mevi-
Schütz and Erhardt 2005). Thus, butterflies 
have developed several strategies to 
compensate for suboptimal larval food 
conditions (Bink and Siepel 1996; Lavoie 
and Oberhauser 2004). For example, 
chapters one to three and chapter five and 
six show that larvae reared on nitrogen-
poor host plants increased larval 
development time to prolong their feeding 
period in order to acquire sufficient 
amounts of nitrogen. Furthermore, 
numerous other studies showed that 
herbivorous insects can also increase the 
amount of food ingested per time, 
enhancing the conversion of nitrogen into 
body mass or enhancing the efficiency of 
nitrogen absorption (Schoonhoven et al. 
2006). For example in chapter six, 
transgenerationally acclimatized larvae 
reared on low-nitrogen host plants and 
descending from mothers reared also on 
nitrogen-poor plants achieved the same 
pupal mass as larvae reared on nitrogen-
rich host plants. Obviously, these 
acclimatized larvae could more efficiently 
utilize nitrogen from the low-nitrogen 
supply. 
Furthermore, chapter one shows that host 
plant defence is an important factor 
determining larval performance and 
nutrient acquisition in butterflies. In 
accordance to previous studies (review in 
Reynolds et al. 2009), chapter one also 
shows that silica as physical host plant 
defence deterred Coenonympha pamphilus 
larvae from acquiring sufficient nitrogen 
during larval feeding. However, in spite of 
physical host plant defence, other plant 
families than grasses use primarily 
chemical secondary plant metabolites to 
deter herbivores from feeding 
(Schoonhoven et al. 2006). Nevertheless, 
food specialists are often adapted to 
chemical plant defences and may even 
benefit from secondary plant metabolites 
(Schoonhoven et al. 2006). For instance, 
larvae of the common blue butterfly 
Pollyomatus icarus can metabolize the 
surplus of nitrogen in cyanogenic plants 
for growth (Goverde et al. 2008). Thus, in 
other butterfly species than the grass-
feeding C. pamphilus, secondary plant 
metabolites may play an important role in 
determining larval nutrient reserves. 
Butterflies are holometabolous insects 
and have the ability to compensate for a 
nitrogen-poor diet both as herbivorous 
larvae as well as nectar-feeding adults. A 
compensatory interaction between larval 
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and adult nitrogen uptake was therefore 
expected when larval resources were 
restricted. Chapter one shows that C. 
pamphilus males and females reared on 
nitrogen-poor host plants containing high 
silica levels to deter herbivores from 
feeding increased their relative 
consumption of amino acid-rich nectar. 
This is in accordance with the nectar amino 
acid preference found in C. pamphilus and 
Araschnia levana females raised on 
nitrogen-poor larval host plants (Mevi-
Schütz et al. 2003; Mevi-Schütz and 
Erhardt 2003). Furthermore, irrespective of 
larval food resources, females of several 
other butterfly species show a distinct 
preference for nectar containing amino 
acids, suggesting some form of 
dependency and utilization of this nectar 
constituent (Alm et al. 1990; Erhardt and 
Rusterholz 1998; Rühle 1999; Rusterholz 
and Erhardt 2000; Mevi-Schütz and 
Erhardt 2004). Furthermore, as shown in 
chapter three, C. pamphilus males 
consumed more nectar with amino acids 
than nectar without amino acids 
irrespective of larval food conditions, 
supporting the tentative evidence in 
chapter one that also male butterflies, 
which have so far been thought to be 
indifferent to nectar amino acids, can show 
a preference for nectar containing amino 
acids over nectar lacking amino acids. 
Chapter two confirms that nectar amino 
acids can increase female butterfly 
reproduction. C. pamphilus females fed 
with amino acid-rich nectar produced 
heavier offspring and increased egg 
hatching success over the oviposition 
period compared to females fed with nectar 
lacking amino acids. Furthermore, in 
contrast to females reared on quantitatively 
limited, nitrogen-poor larval host plants 
and fed with nectar lacking amino acids, 
females reared under the same restricted 
larval food conditions, but fed with nectar 
containing amino acids, tended to lay as 
many eggs as females reared on 
quantitatively unlimited nitrogen-rich 
larval host plants. Hence, C. pamphilus 
females used nectar amino acids to 
compensate for nitrogen deficiencies 
acquired during the larval feeding period. 
These results support previous findings 
that have shown that female butterflies 
benefit from nectar amino acids (Mevi-
Schütz and Erhardt 2005; Bauerfeind and 
Fischer 2009). However, there are different 
strategies in butterflies for the use of nectar 
amino acids in order to increase 
reproduction and accordingly fitness. For 
example, A. levana females primarily 
increase egg quantity, whereas females of 
C. pamphilus primarily increase offspring 
quality. A. levana larvae live on patchily 
distributed Urtica dioica, a plant species 
with a high nitrogen content early in the 
season but lower nitrogen levels later in the 
summer, thereby reducing female 
emergence mass and number of eggs laid. 
In contrast, C. pamphilus larvae live on 
locally restricted meadows with a 
consistent host plant quality within one 
patch, since grasses regenerate over the 
season. Furthermore, C. pamphilus 
acclimatizes larval performance and 
accordingly larval nutrient acquisition to 
host plants. Thus, larval food conditions 
for all generations of C. pamphilus are 
similar. Therefore, female emergence mass 
should also be rather similar over the 
different generations, as should be the 
number of offspring. Thus, differently to A. 
levana, the number of eggs in C. 
pamphilus might be less variable under 
natural conditions. Hence, C. pamphilus 
might have evolved a strategy utilizing 
nectar amino acids to primarily increase 
offspring quality rather than quantity.  
Chapter three provides the first evidence 
that also male butterflies can use nectar 
amino acids to enhance their reproduction. 
C. pamphilus females mated with males 
fed with amino acid-rich nectar produced 
heavier offspring than females mated with 
males that were fed nectar without amino 
acids. However, C. pamphilus males are 
monandrous and produce relatively small 
spermatophores (Svärd and Wiklund 
1989), and larval hatching mass of progeny 
was only increased during the first six days 
of the female oviposition period, 
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suggesting that females had depleted 
potential male resources. The present 
findings are all the more relevant because 
they show that nectar-derived nitrogen can 
improve male reproductive success even in 
a species where males deliver small nuptial 
gifts, documenting a nutritional pathway 
likely also present in other butterfly 
species producing bigger spermatophores 
than C. pamphilus and potentially relying 
more on nuptial gifts. For example, in 
polyandrous Pieris napi butterflies, mating 
frequency influences nectar amino acid 
preference of females (Mevi-Schütz et al. 
2004). However, increased size of 
ejaculates in polyandrous species is also 
attributed  to   the  male’s  higher   risk   to   face 
sperm competition (Wiklund and Forsberg 
1991). Thus, a monandrous mating system 
would require fewer male resources 
because it is not necessary to exceed a 
competitor’s   ejaculate   size.   On   the   other  
hand, males of monandrous species may 
still invest highly in their nuptial gifts, as 
they have certainty about their paternity. In 
contrast, nutrients of a male's nuptial gift in 
polyandrous species benefit often the 
progeny of subsequently mating males 
(Wickler 1985). Thus, although nuptial 
gifts in monandrous species are smaller 
than in polyandrous butterflies (Svärd & 
Wiklund 1989), they are still an important 
resource for female reproduction. 
Nevertheless, further studies should 
investigate the role of nectar amino acids 
in polyandrous butterfly species. However, 
irrespectively of the question of polyandry 
versus monandry, chapter three and four 
emphasize the importance of nuptial gifts 
for female reproduction in butterflies and 
show the potential of male nutritional 
investment into reproduction. 
Apart from positive effects of nectar 
amino acids, chapter four shows that C. 
pamphilus males can use also nectar sugars 
to enhance their reproduction. This 
corresponds well to several previous 
findings having shown that female 
butterflies benefit from nectar sugars 
(Norris 1935, Stern and Smith 1960, 
Murphy   et   al.   1983,  O’Brien   et   al.   2004),  
and that there is a positive relationship 
between the amount of sucrose ingested by 
virgin male butterflies and the weight of 
the spermatophore ejaculated (Watanabe 
and Hirota 1999). However, carbohydrates 
are also important for somatic 
maintenance. This is emphasized with the 
finding that C. pamphilus males used 
nectar sugars to either increase 
reproduction or their longevity, suggesting 
a tradeoff between somatic maintenance 
and reproduction for the use of 
carbohydrates from the adult nectar diet. 
Nevertheless, increased longevity can 
prolong the reproductive period and 
accordingly increase the reproductive 
success of an individual. For instance, 
male butterflies require a recovery period 
between multiple matings, and the extent 
of the intermediate interval has an effect on 
mass and protein content of 
spermatophores (Oberhauser 1992; 
Bissoondath and Wiklund 1996). Thus, 
increased longevity enhances the number 
of matings and prevents a decrease in 
spermatophore quality in subsequent 
matings by longer recovery periods. 
Furthermore, also female butterflies can 
benefit from an increased longevity, since 
multiple matings can enhance female 
fecundity (Wiklund et al. 1993; Stjernholm 
& Karlsson 2000), and chapter two shows 
that egg hatching success can be increased 
to the end of female oviposition period by 
nectar amino acids. However, depending 
on external circumstances, butterflies can 
invest resources either directly into 
reproduction, or indirectly via a 
prolongation of their longevity. This 
emphasizes the benefit of variable resource 
allocation strategies in butterflies. 
Butterflies do not visit flowers randomly, 
but often show distinct flower preferences 
(Erhardt 1995). Furthermore, butterflies 
have different innate color preferences 
(Faegeri and van der Pijl 1979), and floral 
colors may correlate with different types of 
nectar quality. Chapters two to four clearly 
show the benefit of floral nectar on 
butterfly reproduction. Butterflies can also 
show high degrees of flower constancy 
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(Faegeri and van der Pijl 1979), possibly 
due to learned correlations between optical 
attraction cues and nectar quality. 
Furthermore, butterflies and butterfly-
pollinated flowers show a number of 
features that are adjusted to each other, 
summarized in a 'syndrome' (Faegeri and 
van der Pijl 1979). Thus, the findings of 
chapters one to four strongly suggest a 
coevolutionary process between butterflies 
and flowers dependent on butterfly 
pollination.  
C. pamphilus males and females used 
nectar amino acids and male-derived nectar 
sugars to increase provisioning to offspring 
and accordingly increased progeny's 
hatching mass. Several previous studies 
with other butterfly species showed 
benefits of increased egg and larval size 
(Murphy et al. 1983; Braby 1994; Fischer 
et al. 2003; Seko and Nakasuji 2004; 
Fischer et al. 2006; but see Wiklund and 
Persson 1983; Wiklund and Karlsson 
1984). However, further studies should test 
if heavier C. pamphilus hatchlings have an 
increased fitness. C. pamphilus females lay 
their eggs not only on benign larval food 
plants, but also on dead plant material, 
from which freshly hatched larvae must 
find new host plants (Wiklund 1984). 
Thus, if larger hatchling larvae can travel 
longer distances, they have an increased 
likelihood to find fresh larval food plants.  
Chapter five and six show that offspring 
benefits not only from increased 
provisioning of nutrients, but also from 
parental experience by transgenerational 
acclimatization to host plant quality. In C. 
pamphilus, offspring reared on the same 
rather than the opposite host plant quality 
as their parents increased their larval 
performance and achieved a heavier pupal 
mass and longer forewings. Furthermore, 
Pieris rapae females acclimated their 
offspring to the host plant quality they 
selected for oviposition based on their own 
larval host experience. This shows that 
parents experiencing predictive cues on 
their host plant can indeed adjust 
progeny’s   phenotype   to   anticipated   host 
plant quality and accordingly increase 
offspring fitness on that host. Generally, 
transgenerational acclimatization could 
lead to an evolutionary change without 
involving genetic variation since positive 
selection of epigenetic variants that have 
improved performance is plausible. 
Furthermore, chapter six shows that 
females oviposit on the host plant they 
acclimatize their offspring. Thus, host-race 
formation could be influenced when non-
genetic correlations between these 
oviposition choices and larval performance 
are maintained in a randomly mating 
population through maternal host 
experience (Fox et al. 1995). Moreover, 
offspring reared on low-quality host plants 
(and descending from mothers reared on 
low-quality plants) that were acclimatized 
to low-quality hosts preferred to oviposit 
on unfavorable low-quality host plants. 
However, due to transgenerational 
acclimatization, larvae can perform well on 
low-quality host plants. This shows an 
adaptive host-shift from one generation to 
the next based on the correlation between 
transgenerational acclimatization and 
oviposition choice. Ultimately, selection 
for host fidelity could be increased, 
possibly influencing host-use evolution of 
herbivores, host-race formation and 
sympatric speciation (Fox et al. 1995; 
Mousseau and Fox 1998a, 1998b; Spitzer 
2004). Although host plants vary greatly in 
quality and quantity and can thus provide 
important cues about the resources 
encountered by the next generation, 
chapter five and six provide the first proofs 
of transgenerational acclimatization to host 
plants in herbivorous insects. 
Butterfly reproduction and fitness 
significantly correlate with food quality 
and quantity. Thus, there are diverse 
strategies over the whole butterfly life 
cycle to deal with suboptimal food sources 
in order to maximize reproduction and 
fitness. First, during the larval stage, larval 
feeding duration can be prolonged and 
relative consumption rates and/or 
efficiency of larval nitrogen utilization 
could be increased to compensate for low-
quality larval host plants. Second, adult 
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nectar diet can compensate for deficiencies 
acquired during larval stage and generally 
enhance reproduction. Furthermore, female 
butterflies can use male-derived nuptial 
gifts for egg production. Third, parents can 
increase provisioning to offspring and 
acclimatize and oviposit progeny to 
anticipated host plants by transgenerational 
acclimatization to increase offspring 
performance and fitness. These diverse 
strategies during larval and adult stage and 
even trans-generationally to maximize 
reproduction and fitness show that 
butterflies are well adapted to quickly 
changing host plant supplies. Furthermore, 
it shows that the holometabolous life cycle, 
using different food sources during larval 
and adult stage, is a favorable surviving 
strategy. 
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